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Antiknock Behavior 


of Alkyl Lead Compounds 


H. E. Hesselberg, and J. R. Howard 
Ethyl Corp. 


WHEN THE antiknock effectiveness of TEL was discovered 
by Midgley and his co-workers in 1921, it was felt certain 
that other alkyl lead compounds would also possess antiknock 
properties, In fact, a number of other lead alkyls were cov- 
ered in the original patent applications on TEL. Early in the 
1930's, it was believed that other alkyls might be superior 
to TEL in certain fuels under certain engine conditions,Since 
that time Ethyl has evaluated 30 individual lead alkyls and 
10 mixtures of these alkyls under a wide range of operating 
conditions and engine environments, 

It became apparent very early in this work that there was 
no simple solution to the problem of which alkyl or alkyl 
mixture was the most effective as an antiknock. It was found 
that the relative effectiveness of the alkyls was influenced 
to a major extent by base fuel composition, alkyl concen- 
tration, sulfur concentration, and the engine in which the 
evaluation was made as well as its method of operation, The 
marked effect of alkyl volatility under operating conditions 
where fuel segregation occurred was established as early as 
1936. 

Just prior to World War II an extensive cooperative road 
test program of a lighter alkyl mixture showed insufficient 
advantage as compared with TEL to warrant further consid- 
eration at that time. 

In 1948, however, several lighter alkyl compositions were 
found to have significant advantages over TEL in several base 
fuels. Studies since that time have indicated that the trends 
in fuel composition have continued to increase the antiknock 
effectiveness of the lighter alkyls. Our most recent studies 


are in agreement with those of others and particularly in re- 
gard to tetramethyl lead (TML), indicate definite road anti- 
knock behavior advantages as well as intrinsic advantage by 
the laboratory knock test methods, Because TML is much 
more volatile, its advantage over TEL in fuels of low- octane 
number front end in vehicles knocking at low engine speeds 
is most pronounced, 


Early History 


The original Midgley patent, which was issued in 1926, 
taught the use of TML as well as TEL as antiknock compounds, 
Our records indicate that TML was compared with TEL in 
1928 and found to be only 3/4 as effective. In 1933, TML 
was again compared with TEL in an Ethyl Series "30" knock 
rating engine under conditions similar to those of the present 
Research method. The comparison showed that TML was 
considerably less effective than TEL in two commercial 75 
octane gasolines and in secondary reference fuels. 

From time to time during the early 1930's, changes in 
gasolines, engines, and knock testing methods occasioned 
further testing of TML and other lead alkyls. In all of this 
work, TEL was found to be either equal to or better than the 
other lead alkyls tested. It is interesting to note that since 
these early years, 30 individual lead alkyls and 10 selected 
mixtures of these alkyls have been evaluated under a wide 
range of operating conditions, engine environments, and fuel 
types. 

Due to the relatively high boiling point of TEL (390 F) 


it was reasoned that some of the TEL would tend to lag in 
the intake manifold with the heavier portions of the fuel. 
This would cause unequal distribution of antiknock quality 
among the engine cylinders and severe depreciation of the 
fuel relative to its laboratory knock test engine rating. (1)* 

Accordingly, it was decided to investigate the most vol- 
atile lead alkyl, TML, which boils at 230 F, in addition to 
the mixed methyl-ethy] alkyls of intermediate volatility to 
see whether these lighter materials would improve the road 
ratings of 1936 type gasolines. 

Before discussing the results of this investigation, it is ad- 
visable to briefly describe these lead alkyls. 


Description of Lead Alkyls 


There are three possible methyl-ethy] lead alkyls with 
boiling points between that of TML and that of TEL; 

1. Trimethyl ethyl lead. 

2. Dimethyl diethyl lead. 

&, Methyl triethyl lead. 

Table 1 shows their formulae and boiling points, 

In preparing adequate amounts of these materials for test 
purposes, it was found that equilibrium mixtures of the re- 
quired alkyls could be produced by a redistribution reaction 
(2). Such a reaction occurs when sodium-lead alloy is re- 
acted with methyl and ethyl chlorides in the presence of an 
aluminum catalyst, An equilibrium mixture of lead alkyls 
results, Depending on the proportions of the methyl and eth- 
yl chloride used, the resulting mixture is composed of var- 
ious proportions of the C4 to Cg alkyls shown in Table 1. 

Hence, by varying the proportions of the starting mater- 
ials, a wide range of mixture volatilities was obtainable. 
Modifications in the mixtures were also obtainable by strip- 
ping out one or more alkyl components by distillation. Lead 
alkyls less volatile than TEL were also made and tested. These 
included compounds made with propyl, butyl, and amyl 
groups both normal and isomeric, such as trimethyl isopropyl 
lead, triethyl butyl lead, and trimethyl amyl lead. 


*Numbers in parentheses designate References at end of 
paper. 


Table 1 - Methyl and Ethyl Lead Alkyls 


No, of 

Chemical Carbon _ Boiling 

Name Formula Atoms Point, F 
Tetraethyl lead (CoH5)4Pb 8 390 
Methyl triethyl lead CH3(C92Hs5)3Pb fi 355 
Dimethyl diethyl lead (CH3)2(C2H5)9Pb 6 319 
Trimethyl ethyl lead (CH3)3(CoHs5Pb 5 279 
Tetramethyl lead (CHa) 4Pb 4 230 
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Evaluation from 1935 to 1940 


Many road tests were conducted as the alkyls and their 
mixtures became available in 1936. The antiknock effec- 
tiveness of the various mixtures showed sufficient promise in 
a variety of gasolines and cars, as compared with TEL. An 
extensive research program was planned and executed during 
the next three years. 

Wide variations in effectiveness from car to car and fuel 
to fuel were found. In fact, during the early test work, for 
any given car, merely opening or closing the radiator shut- 
ters made TML, for instance, either much more or much 
less effective than TEL. This was traced to the operation 
of the automatic heat control valves which in their “hot” 
position greatly depreciated TML, and in their “cold” posi- 
tion showed TML to advantage. 

Road tests indicated that alkyls less volatile than TEL were 
of little interest, since more rather than less volatility might 
be required for best performance in the fuels and engines then 
in use. 

In the thermally-cracked and straightrun naptha blends 
which were commercial during these years the various mixed 
alkyls on the road seemed to respond best in highly- volatile 
straightrun gasolines. However, no improvements in intrinsic 
antiknock effects were noted in laboratory engines by the L- 
3, research, or motor methods, 

Fig. 1 typifies the single-cylinder laboratory engine data 
obtained during this period. Here, TML, TEL, and the in- 
termediate alkyls are compared in two representative com- 
mercial fuels by the L-3 rating method which was intended 
to yield ratings representing the mean of the research and 
motor ratings, The results shown are averages for the two fuels 
which were tested in 16 CFR engines in five Ethyl Corp. gasoline 
testing laboratories, One fuel was a blend of 80% cracked 
and 20% vapor recovery components and the other contained 
44% cracked, 42% straightrun, and 14% natural gasolines. 


i 
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Fig. 1 — Intrinsic effectiveness, average data, 2 fuels, L-3 method 


ANTIKNOCK BEHAVIOR OF ALKYL LEAD COMPOUNDS 


Both fuels rated at about 80 research octane number with3. 0 
ml of TEL, Results are shown in terms of the highest useful 
compression ratio (HUCR) relative to TEL at a given lead 
level, rather than relative increase in octane number. 

Fig. 1 shows that, except for methyl triethyl lead at3,15 
gr of lead, all of the alkyls tested were less effective than 
TEL. Their relative effectiveness also decreased with de- 
creasing lead concentration, Inthe light of our present knowl- 
edge on the importance of fuel composition factors and re- 
search- octane level in considering lead alkyl response, these 
results are not at all surprising. 

Despite the wide variation in road effectiveness displayed 
by the ethyl and methyl alkyls and their mixtures during the 
years 1936 to 1938, their potential possibilities are indica- 
ted by the extent of the test program. During this period, 
12 major road test projects were conducted in Detroit, Mich- 
igan, San Bernardino, California, and Tulsa, Oklahoma. 
Each project involved 5 to 22 different cars, 3 to 10 differ- 
ent fuels, 2 to 5 lead alkyls and/or mixtures, and several 
lead concentrations, 

Final results of this extensive program showed that, at 
the higher lead concentration (3.0 gr of lead), the road an- 
tiknock superiority of some of the alkyl mixtures over TEL 
would produce a 10-14% saving in the amount of lead nec- 
essary to achieve the same road antiknock quality. At the 
lower lead concentrations (1.0-1.5 gr of lead), the alkyl 
mixtures were less effective than TEL. (To keep our arith- 
metic straight, 1.0 gr of metallic lead is equivalent to0, 95 
ml of TEL and to 0.65 ml of TML.) 

On the basis of these results, it was decided to select the 
optimum alkyl mixture from the cost-effectiveness stand- 
point, and to invite several oil companies to test the mix- 
ture in their own fuels by their own test methods, The alkyl 
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Fig. 2— Bled manifold for CFR engine 


mixture selected was designated MA-350 and, on a mole 
basis, contained 1.3% tetramethyl, 11.7% trimethy] ethyl, 
33.4% dimethyl diethyl, 38.2% methyl triethyl, and 15.4% 
tetraethyl. 
evaluation. 

The results of the oil company evaluations of MA-350 are 
shown in Table 2, The maximum gains shown at the 2.10 
gr and 3,15 gr lead concentrations were 2.8 and 2.4 road 
octane numbers respectively. However, these gains were ob- 
tained in only a minor fraction of the fuels tested. With these 
results, it was concluded that the substitution of the MA-350 
mixture for TEL would not be economically attractive to a 
large enough segment of the oil industry to justify commer- 
cialization. 


Six major oil companies agreed to conduct this 


Bled Manifold 


During the years in which Ethyl's work on the lead alkyls 
was going on, the extensive cooperative oil and automotive 
industry program was being conducted to develop satisfactory 
laboratory and road methods of knock rating. In addition to 
cooperating in this program, Ethyl] started investigating, in 
1937, the possibility of modifying the CFR knock rating en- 
gine so that it could be made to simulate the fuel segrega- 
tion effects that result in madldistribution of antiknock qual- 
ity among the cylinders of automobile engines. 

Several special "bled" intake manifolds were developed 
for the CFR engine to provide fuel segregation effects, Fig. 
2 shows one of the later versions of these bled manifolds on 
which a large amount of data (3) has been obtained. The 
water- jacketed separating chamber has a cross-sectional area 
over four times as great as that of the remainder of the man- 
ifold, and thus reduces the velocity of flow to a point that 
ensures good separation of liquid fuel from the stream of air 
and vaporized fuel, 


In a later version of this device and in representative pres- 
ent-day fuels, octane gains for TML over TEL of the same 
magnitude as those now measured on the road were obtained. 
This modification provides a method for indicating the CFR 
engine the advantage of TML attributable to its high volatility. 

The bled manifold offers a promising field for further in- 
vestigation in industry's approach to laboratory knock- rating 


Table 2 - Oil Co. Tests of MA-350 (1940) 


Gain Due to MA-3850, O.N. 


Road 
Gram No, of Sees <r ams 
Pb/Gal Fuels Res. Motor Avg. Range 
1.05 26 =a -0.6 =O. -0.4 to +0.7 
Zeal, iLL =OC 1 0.0 +0.6 =050 to +2.8 
3.15 28 =0,0 -0.5 +0,3 -0.5 to +2.4 


methods which more nearly predict road behavior than the 
research and motor methods. 


Road Evaluations Following World War II 


The marked trend in 1949 towards increasing compression 
ratios as well as the corresponding increases in premium- fuel 
antiknock quality which this change required prompted a re- 
evaluation of the lighter alkyls on the road. Ten commer- 
cial premium base stocks were evaluated by the Modified 
Uniontown method in three 1949 premium-requirement cars 
plus one 1949 car equipped with the General Motors Research 
engine at compression ratios of 8:1 and 10:1. All cars were 
equipped with automatic transmissions, The alkyls investi- 
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gated were dimethyl diethyl, methyl triethyl, tetraethyl, 
and MA-250 at 0.53 and 3.17 gr of lead per gal. (MA-250 
is an equilibrium alkyl mixture containing 25% methyl rad- 
icals. The lead in the mixture, on a weight percent basis, 
is present as 1% of the Ca, 4% of the C5, 21% of the C6,42% 
of the C7, and 32% of the Cg alkyls.) 

At 0.53 gr of lead, the lighter alkyls showed no advan- 
tage over TEL in the cars on the road or by the research and 
motor methods. The results obtained at the 3.17 gr of lead 
level are shown in Table 3. Here, despite fairly wide ranges 
in relative effectiveness in the ten fuels, the average road 
results indicate a slight advantage for the lighter alkyls. Of 
interest are the gains in the General Motors Research engine 
at the 8:1 and 10:1 compression ratios. 

By the research and motor methods, only small average 
differences were found between the various alkyls. Astudy 
of the available inspection data on these fuels reveals no cor- 
relation between hydrocarbon composition and alkyl effec- 
tiveness, In the cars, the least-volatile fuel, which con- 
tained 46% straightrun stock, showed the more volatile alkyls 
to the greatest advantage, while the most-volatile fuel con- 
sistently showed all the lighter alkyls to disadvantage. 

The antiknock performance of several of the alkyls was 
investigated again at a later date in a fuel in which the oc- 
tane number profile was such that the octane number of the 
more volatile portion was considerably lower than that of 
the heavier fractions, This fuel was a blend of 25% light 
straightrun, 55% heavy reformate, and 20% debutanized 
straightrun. The octane number profile as well as the dis- 
tillation are shown in Fig. 3. 


The TML (C4), Cg, and MA-250 alkyls were compared 
with TEL at 1.58 gr of lead, as shown in Fig. 4. The same 
alkyls plus a 50-50 mixture of TML and TEL also were rated 


Table 3 - Alkyl Lead Antiknock Performance (1949) 


10 Commercial Premium Fuels 
Modified Uniontown Method 


Road O.N. Gain Relative to TEL at 3,17 g Pb 


1949 

Car oR MA-250 

E 6.9 -0.3(-0.5, +0.5) 

Q 725 0.0(-1.0, +1.5) 

M 125 -0.1(-1.5, +1.0) 

Qt 8.0 +0.6( 0.0, +2.5) 

Q* 10.0 +0.7( 0.0, +2. 0) 
Research +0,2(-0.2, +0. 6) 
Motor 0.0(-0.2, +0. 4) 


“Equipped with General Motors Research engine. 
Note: Values in parentheses indicate ranges, 


C6 CT 
-0.1(-0.5, 0.0) 0.0(-0.5, +0.5) 
+0.2(-1.0, +1.5) +0,4(-1.0, 41,5) 
=O) Eel Opi aueO) =0°4(-3.05 +1. 0) 
+0.6(-0.5, +2. 0) +0. 6(-1.0, +3. 0) 
+0.8( 0.0, +1.5) +0.9( 0.0, 42.0) 
+0.1(-0.5, +0. 8) +0, 3(-0.1, +0. 7) 
~0..1(-0.4, 40.1) 0,0(-0.2, +0.3) 
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at 3.17 gr of lead, as shown in Fig. 5. Modified Borderline 
as well as Modified Uniontown ratings were made in a 1958 
Car M equipped with a 10. 7:1 compression ratio engine, and 
in a 1958 Car R equipped with a 10. 3:1 compression ratio 
engine and three 2-barrel carburetors, The test fuel con- 
taining 3.17 gr of lead per gal had a research rating of 100.1 
and a motor rating of 89.1, and was close to satisfying the 
octane requirements of the two cars. The road results for 
the alkyls are plotted in Fig. 4 and 5 relative to the anti- 
knock gain obtained with TEL. The large advantage shown 
for the more volatile lead alkyls in Car R at both lead con- 
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centrations, and in particular at the lower engine speeds, 
indicates marked fuel segregation and manifold lag in this 
vehicle. The exact magnitude of the extreme gains shown 
by modified borderline ratings at 1650 rpm is subject tosome 
question since the vehicle was difficult to rate at this speed, 
and variability from run to run was quite high, In Car M, 
the more volatile alkyls showed mostly a loss in antiknock 
quality at both lead concentrations, At the higher lead con- 
centration in Car R, the 50-50 mixture of TML and TEL ap- 
peared to be equal to TML in road performance. 

There is little correlation between gains by the research 
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Fig. 5 — Alkyl lead antiknock performance in profile fuel, 3.17g 
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Table 4 - Laboratory Inspection Data on Fuels Used in Road Tests 


Hydrocarbon Type, ASTM Distillation, TEL Gain Due to TML 
volume % F at % Evaporated 3.17 g Pb 3.17 g Pb 

Fuel Gravity, RVP, Sulfur, 

Now Arom.. Olef, Sat.) deg API psi. JBP. 10, 50 0. _EP wt % Res, Motor Res. Motor 
A 35 26 39 57.6 9.8 OAD 2 16216) 2 3an OO Omen OF OA aame Oot 2am Onl oml 0.0 0.7 
B 44 15 41 52.3 8.9 95 Beli 22238) Toisas 25m 0), OCT 9, OM Sic 0.5 0.9 
C 47 il 52 54,3 8.8 Se AIPA RG) ABP OS OOZES DG I 0.5 Ie) 
D 46 1 53 54,9 9.0 OCaMe A GunZ 21) SSRIS 98 BO nOOLR SLOG TOme Joo ONT 1.8 
E 39 24 37 55.8 Cree LOAM Lone 209 22a AO oe O LO OMe OOS Barsoa 0.2 age 
ip 36 11 53 58,8 9.2 OSB /ael OOem ol Sma 22m O 1 OoCmmLOON Gm MOOS 0.4 HOG 
G EBS) 15 56 60.4 9.4 92 120 206 304 398 .0.013 99.0 89.8 0.2 0.7 
H 42 12 46 04,7 10.2 Sie 24 2S eS 96mm ONOL4 aim DONO Ooael 0,0 0.6 
I 35 il 64 59,7 9.7 89) 12455201 282 355 0.030 Oe Woz Ove 0.9 
J 19 34 47 Geese — ANO5 7 89 113 187 43098 3864 20;022 . 98.3 4; 86.4 =e 0.4 
K 37 15 48 peas eel 82 106 200 3833 418 0.063 OO les 68516 =O. eal 
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Fig. 7 — 1959 Car M full-throttle 


and motor methods for these various alkyls relative to TEL 
and their performance in the two vehicles. These data in- 
dicate the definite influence of engine design and operating 
characteristics upon the performance of the alkyls more vol- 
atile than TEL. The data also indicate the ability of the 
lighter alkyls to give superior road antiknock performance 
under conditions where fuel segregation and manifold lag 
are combined with a fuel having low antiknock components 
in the more volatile fractions, 

TML was also compared with TEL in the 1958 Car R, this 
time equipped with a 12.2:1 compression ratio engine, in 
two fuels of similar octane number profile. One was a blend 
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of 25% light straightrun and 75% heavy reformate having a 
research octane number of 100.5 and a motor octane number 
of 90.3. The other was a blend of 40% light straightrun,30% 
aromatic extract, and 30% heavy reformate having a research 
rating of 100.0 and a motor rating of 89.9. The superior 
road antiknock performance of TML in these two fuels of low 
front-end octane number was again clearly evident, 


Recent TML Evaluation 


The pronounced volatility advantage of TML plus its ad- 
vantage by the research and motor methods in certain fuel 
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compositions led to a recent major investigation of its vehi- 
cle antiknock performance relative to TEL. Eleven com- 
mercial premium-fuel base stocks were included in the pro- 
gram. Laboratory inspection data on these fuels as well as 
the changes inresearch and motor ratings due to the substitu- 
tion of TML at the 3.17 gr lead level are shown in Table 4. 
In all eleven fuels, TML was more effective by the motor 
method, with gains ranging from 0.4 to 1.90.N. By the 
research method TML was equal to or better than TEL in 
nine of the fuels, and only insignificantly less effective in 
the other two. 

The program included: two cars equipped with experi- 
mental 12:1 compression ratio engines, five 1959 premium- 
requirement cars, three 1960 premium-requirement cars, and 
two 1960 compact cars equipped with manual transmissions. 
All of the road ratings were carried out on a controlled- 
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weather chassis dynamometer with air temperature held at 
70 +5 F and relative humidity held at 40 45%. In all cases, 
the data are based upon at least triplicate ratings by both 
the Modified Uniontown and Modified Borderline techniques. 
The accelerations were made at the manifold vacuum pro- 
ducing maximum knock rather than at wide-open throttle. 
Since the manifold vacuum for maximum knock was always 
less than 3 in. of mercury, these ratings are referred to as 
full- throttle ratings. 

To illustrate the wide range in the performance of TML 
relative to TEL, depending not only upon the fuel being rated 
but upon characteristics of the vehicle in which the com- 
parison is being made, the road results obtained in each of 
the vehicles equipped with automatic transmission are shown 
in Figs, 6-15, 

In each figure, the change in Modified Borderline and 
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Modified Uniontown octane ratings of each fuel is shown when 
when substituting TML for TEL at 3.17 gr of lead. It is im- 
mediately apparent that any statements regarding the road 
behavior of TML relative to TEL must be well qualified. For 
example, in 1960 Car M (Fig. 12) engine speed did not ap- 
pear to have much effect on the relative performance of TML 
and TEL, On the other hand, in 1959 Car Q (Fig. 10) the 
TML advantage definitely increased with engine speed. And 
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in 1957 Car E (Fig. 14), with a 12:1 compression ratio en- 
gine, TML showed to greatest advantage at the lowest en- 
gine speed. 

On the whole, however, these data indicate that, in these 
fuels, TML has a marked advantage by both the Modified Bor- 
derline and Modified Uniontown methods. Across the board, 
Fuels C and D show TML to the best advantage both in the 
cars and also by the research and motor ratings. These fuels 
also are the most highly aromatic of the group (47 and 46% 
aromatics). The consistently poor vehicle performance of 
TML in Fuel J correlates with low laboratory response of this 
fuel to TML as well as its low (19%) aromatic content. 

The vehicle ratings obtained in the two compact cars 
equipped with manual transmissions are shown in Fig, 16 and 
17. At the low speeds, where these cars have their highest 
octane requirement, the advantage of TML is consistently 
large. This is undoubtedly due to the higher volatility of 
TML as compared with TEL, which tends to provide more 
antiknock quality in individual cylinders under conditions 
which promote fuel segregation. Judging from these com- 
parisons in the compact cars, it is entirelypossible that stand- 
ard-sized cars with manual transmissions will also show sig- 
nificant advantages for TML in these fuels. Foreign cars 
equipped with manual transmissions which are prone to knock 
at low speeds will show definite advantage for the more vol- 
atile alkyls, particularly in fuels having low octane number 
front ends, 

Part- throttle road ratings of TML versus TEL were made 
in two cars, and the results are shown in Figs. 18 and 19.In 
establishing part-throttle operating conditions, the mani- 
fold vacuum producing the greatest octane requirement on 
sensitive reference fuels was used in these two cars, It was 
found to be 12 in. of mercury. Consistent ratings were most 


5.0 [ 


3.0 |- 


20 


- 
o 
] 
as f = 
MODIFIED UNIONTOWN 


GAIN IN ROAD O.N., TML RELATIVE TO TEL 


-15 wie soe = 
750 1000 1500 2000 2500 
ENGINE SPEED, RPM 


Fig. 16 — 1960 Compact car AY full-throttle 


ANTIKNOCK BEHAVIOR OF ALKYL LEAD COMPOUNDS 


difficult to obtain at part-throttle, The noise intensity was 
not as sharp, nor as reproducible, as under full-throttle con- 
ditions, It will be noted that, except at the lowest rating 
speed (1000 rpm in one car and 1500 rpm in the other), TML 
gains are appreciable in all fuels rated. They are, in fact, 
about double those shown for the same fuels at full throttle 
in the same two cars, 

Fuel Distribution Studies - A factor of major importance 
in the road performance of the lighter alkyls relative to TEL 
is their vapor pressure. At 65 F the vapor pressure of TML 
is 100 times that of TEL. In addition to increasing the lead 
concentrations in the cylinders under conditions where the 
heavier fuel components are retarded in the intake mani- 
fold, the increased volatility of the lighter alkyls also pro- 
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motes more even distribution of the antiknock compound 
under most operating conditions. 

Using radioactive-tagged hydrocarbons and additives, fuel 
distribution studies were made in a multicylinder engine(4). 
It was shown that a closer approach to a constant concentra- 
tion of hydrocarbon or additive in the fuel in each cylinder 
was obtained when the boiling point of the hydrocarbon or 
additive in the fuel in each cylinder was obtained when the 
boiling point of the hydrocarbon or additive is near the mid- 
distillation range of the whole fuel. These results are pre- 
sented in Fig. 20, and are expressed as the percent average 
deviation among the cylinders based on the component con- 
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Fig. 21 — Effect of lead-alkyl volatility on knock-limited spark 
advance due to antiknock addition to base fuel, engine D, 2400 
rpm, 40 deg throttle, fuel — 90.0 ron (with antiknock) 


centrations in the cylinders. The solid curve was based on 
individual hydrocarbons, and various fuel additives are also 
shown, Although TML was not actually run as a radioactive- 
tagged component, its relative distribution can be predicted 
from this curve, since we know it has a boiling pont of 230 
F, Its predicted average deviation among the cylinders would 
be approximately 3%, the lowest shown for any of the fuel 
components under these engine conditions, It will be noted 
that trimethyl ethyl lead, which has a boiling point of 274 
F, shows a deviation of about 7%. 

Another set of data showing the beneficial effects of the 
more even distribution of TML is presented in Fig, 21. Indi- 
vidual cylinders were knock rated using a base fuel without 
lead and then with sufficient lead alkyl to provide a research 
octane number of 90. The increase in knock- limited spark 
advance allowed by various lead alkylsis plotted against their 
boiling points, The lower the boiling point of the lead alkyl, 
the greater the knock-limited spark advance. The greatest 
difference was noted in the knock- limiting cylinder No. 6, 

Single-Cylinder Antiknock Performance - Many investi- 
gations to determine the fuel composition factors of greatest 
importance in predicting the antiknock performance of the 
various lead alkyls have been conducted. Programs with de- 
signed composition variables have been conducted, as well 
as analyses of composition data on a great number of com- 
merical fuel compositions, While it has been possible to 
arrive at generalizations which hold for many fuels, there 
have always been a large number of exceptions, This is not 
too surprising since even the vast amount of data relating TEL 
effectiveness to fuel composition has not permitted the de- 
velopment of relationships that apply in all cases. 

The majority of our recent work has been on relating the 
anticknock effectiveness of TML to TEL. Data investigated 
included the laboratory ratings of 20 finished gasolines spec- 
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Table 5 4 TML versus TEL in Aromatic Blends 
60% Aromatic + 40% 40 O.N. PRF 


TML Rating minus TEL Rating 


Aromatic 1.05 g Pb 3.17 g Pb 
Component Research Motor Research Motor 
Benzene -2.2 -0.6 -1,3 -0.6 
Toluene ei:0 0.2 0.1 0)..7 
Ethyl benzene 7.6 -2.0 -,05 -0.7 
0- Xylene -0.8 0.0 1.0 1.9 
m-Xylene =0.:2 0.9 0.4 1,5 
Isopropyl benzene 
(Cumene) =2,.0 -2.0 -1.0 -1.3 
1,2,4-Trimethyl 
benzene = 059 0.5 ORT 2.8 
n-Butyl benzene -4,0 -3.0 -3.2 VAG! 
sec-Butyl benzene =i56 -0.8 -0.5 0.0 
tert- Butyl benzene -2.0 -0.9 =0.8 -2.3 


ially blended from refinery components to represent a wide 
range of antiknock levels and fuel compositions, and ratings 
of a group of 56 commercially available gasolines, Analy- 
sis of these data has led to a numberof generalizations. These 
are that the antiknock effectiveness of TML relative to TEL 
at equal metallic lead concentration increases with the fol+ 
lowing (not necessarily listed in order of their importance). 

1. Increasing aromatic content. 

2. Increasing leaded octane number. 

38. Increasing ledd content 

4, Decreasing fuel sulfur content, 

5. Decreasing TEL susceptibility. 
And, that the advantage for TML is almost without excep- 
tion greater by the motor method than by the research method. 

The relative stability of the alkyls in the engine is un- 
doubtedly a major factor in their antiknock behavior. It has 
been established that any lead alkyl must decompose during 
the combustion process to exert its antiknock effect (5). It 
has also been established that the varying thermal stabilities 
of the alkyls in the combustion chamber result in significant 
changes in the degree of alkyl decomposition at agiventime 
during the combustion process (6). Since the reactions lead- 
ing to knock differ widely depending upon fuel composition 
(7), it is natural to assume that a major factor in the rela- 
tive effectiveness of the alkyls is their degree of decompo- 
sition at the critical time in the combustion process when 
the reactions leading to knock can be inhibited. 

Fuel Composition Factors - The poor performance of TML 
in the saturated hydrocarbons has been well established. Lim- 
ited data by the -esearch and motor methods and some ob- 
tained under supercharged conditions in a 17,6 engine indi- 
cate that TML will be less effective than TEL in the olefins, 
The marked beneficial influence of fuel aromatic content 
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Table 6 - Relative Sulfur Effect 


Loss in Octane Number* 
Research Method Motor Method 


Sulfur Type TML LTELomt NEM acal EEE 
Disulfide Oil 
0.1 wt%S 4.0 ome 4,7 226s 
0.2 wt %S One 3.0 6.4 5,0 
Thiophene 
O.l wt%S 0.38 Br) 0.5 0.9 
0.2 wt%S 10 0.7 1,5 1.5 


*Based on octane number of sulfur-free fuel, 


on TML effectiveness has led to a more detailed investiga- 
tion of this class of hydrocarbons. Because of the extremely 
high antiknock quality of the aromatics and the questionable 
nature of knock ratings that would be obtained at these levels, 
the ratings were made on blends of 60% aromatics with 40% 
of a 40 O.N. primary reference fuel blend. The blends were 
rated with TML and TEL by the research and motor methods. 
at 1.05 and 3,17 gr of lead per gal. The results of these rat- 
ings are shown in Table 5. 

The significant effect of aromatic structure on the rela- 
tive performance of TML is clearly shown. In the four aro- 
matics from this group showing an advantage for TML (tolu- 
ene, the two xylenes, and 1,2, 4-trimethyl benzene), the 
gain is always the greatest by the motor method and at the 
highest lead concentration, The data are also quite consis- 
tent in that only the aromatics having methyl groups attach- 
ed to the benzene ring show TML to advantage, and the ad- 
vantage increases with the number of methyl groups present 
in the compound. 

Sulfur Effects - The reduction in antiknock quality of 
leaded fuels due to the presence of sulfur compounds isa func- 
tion of both amount and type of sulfur present. The relative 
antiknock losses due to added sulfur when comparing TML 
and TEL appear to be markedly influenced by sulfur type. 
With high concentrations of a highly destructive sulfur com- 
pound, such as a disulfide oil, the loss of octane number is 
much greater in the case of TML. With a less- destructive 
sulfur compound, thiophene, destruction is about the same 
for the two alkyls. 

These conclusions are based on the data shown in Table 
6, At least two direct-comparison ratings were made of 
blends of pure hydrocarbons, without sulfur and with sulfur 
in the types and amounts shown. For these tests, the lead 
concentration was 3.17 gr for both TML and TEL. 

Removal of the naturally occurring sulfur present in a gas- 
oline component also increased the relative attractiveness of 
TML to TEL. In a cooperative program with the Paulsboro 
Research Laboratories of Socony- Mdil Oil Co., Inc., a full- 
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Table 7 - Relative Phosphorus Effect 


Loss in Octane Number* 
Research Method Motor Method 


Phosphorus Compound TML TEL TML TEL 
A 
0.2 Theory 0.4 0.2 0.6 0.5 
0.5 Theory Us2 0.5 1.4 sagt! 
B 
0.2 Theory 0.1 (Gain) 0.0 0.1 0.3(Gain) 
0.5 Theory 0.2 (Gain) 0.1 (Gain) 0.3 0.1 
iS; 
0.2 Theory 0.1 0.1 0.2 0.2 
0.5 Theory 0.0 0.0 0.1 0.4 


*Based on octane of phosphorus- free fuel. 


boiling catalytically-cracked gasoline was desulfurized by a 
sodium treatment process, The untreated-fuel sulfur content 
of 0.07 wt% was reduced to 0.002 wt % by the treatment. 
The treatment did not affect the unleadedresearch and motor 
method ratings of the stock, Duplicate Research and motor 
method ratings of the treated and untreated fuel at the 3.17 
gr of lead level showed that while TEL was improved by 0. 9 
and 1.7 octane numbers by the research and motor methods, 
respectively, the corresponding gains with TML were 2.2 and 
2.8 octane numbers, In the desulfurized gasoline,T ML rated 
higher than TEL by 0.6 and 1.2 octane numbers by the re- 
search and motor methods respectively. 

Phosphorus Effects - With all phosphorus compounds, slight 
losses in antiknock quality of leaded fuels may occur, the 


magnitude depending on the particular compound, its con- 
centration fuel composition, and the rating method. To se- 
cure data on the effects of phosphorus compounds and con- 
centration, at least two direct-comparison ratings were made 
of fuels, without phosphorus and with phosphorus compounds 
in the types and amounts shown. The results at 3,17 gr of 


lead are shown in Table 7. 
The data in Table 7 show that, with one possible excep- 


tion, antiknock destruction due to the presence of phosphorus 
is the same for both TML and TEL. The possible exception 
is in the case of Compound A at the 0.5 T level; in a pure- 
hydrocarbon blend which magnifies destruction, the loss is 
greater with TML under research method conditions, 
Halogen Effects - The halogens present in commercial 
antiknock fluids containing TEL have no significant influence 
on antiknock performance. Direct-comparison ratings of 
a commercial prototype fuel have established that this also 
is the case with TML. At 3.17 gr of lead, the addition of 
Motor Mix halogens (0.5 T of ethylene dibromide and 1.0 
T of ethylene dichloride) resulted in an indicated increase 
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of 0.2 octane number with both TML and TEL by the research 
method, and no change with either by the motor method. 

Antiknock Promotion Effects - The ability of relatively 
small quantities of AK-33X, methylcyclopentadienyl man- 
ganese tricarbonyl, to increase the antiknock quality of 
leaded fuels is closely related to fuel composition, This 
promotion of antiknock quality by AK-33X is influenced to 
a much greater extent by fuelcomposition than by the nature 
of the lead alkyl. In general, the range of promotion by 
AK-33X when used with TML may be expected to be as great 
as when used with TEL, and to be at its highest levels in the 
same general fuel compositions. The definite influence of 
fuel composition on both the relative antiknock performance 
of TML and TEL and the antiknock promotion of AK-33X 
makesit impossible, at present, to generalize as to the compo- 
sition factors resulting in optimum performance. 

The ability of organic supplements, such as tertiary butyl 
acetate, to increase the antiknock quality of highly leaded, 
high- octane- level stocks is currently under investigation in 
many laboratories. Tests by Ethyl on a large number of prom ot- 
ers in several commercial fuels indicate that the beneficial ef- 
fects of organic supplements are consistently less with TML 
by the Research method, and in some fuel-supplement com- 
binations are less by the motor method. 


Conclusions 


The antiknock behavior of lead alkyls and various mix- 
tures of lead alkyls has been investigated in the laboratory 
and on the road since shortly after the discovery of the re- 
markable antiknock ability of TEL. It was established early 
in these investigations that two factors of major importance 
must be considered when evaluating the relative effective- 
ness of the various alkyls. One is the ability of the lead 
alkyl to control knock, and the other is to have the proper 
amount of lead present in the various cylinders of the en- 
gine at the time it is needed. 

The relationships between lead alkyl antiknock effective- 
ness and fuel composition are complex. However, some 
generalizations can be made on the relative effectiveness of 
TML to TEL. Relative TML effectiveness increases with in- 
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creasing aromatic content, increasing leaded octane num- 
ber level, increasing lead content, decreasing fuel sulfur 
content, and decreasing TEL susceptibility, and is always 
greater by the motor method than by the research method. 
In the presence of high concentrations of compounds which 
cause loss in antiknock quality of leaded fuels, the loss is 
greater with TML than with TEL. The antiknock promoter 
effect of AK-33X is as great with TML as with TEL, but TML 
does not respond as well to organic supplements as does TEL. 

Vehicle ratings have established that the greater volatil- 
ity of TML enables it to reach the cylinders of an engine 
more readily than TEL under conditions where manifold lag 
occurs, This is of particular importance when the light fuel 
components reaching the cylinders under these conditions 
are of low antiknock quality. In addition, TML's increased 
volatility promotes more even distribution to the cylinders 
under all engine operating conditions. 
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A New Tool for Combustion Research 


QUARTZ WINDOW engines have been used to observe com- 
bustion processes occurring in combustion chambers of oper- 
ating engines at General Motors Research Laboratories since 
1930. In the first such engine a long narrow window was 
mounted in the head of an "ell" head single-cylinder en- 
gine and drum camera photographs were taken of the com- 
bustion process occurring in the engine. It was with this en- 
gine that Withrow and Boyd(1)* were able to show that there 
was a flame front during a gasoline engine explosion and 
that it traversed the combustion chamber. 

A subsequent window engine design permitted unrestrict- 
ed views of the entire combustion chamber so that the first 
high-speed motion pictures of the combustion process could 
be taken: In this engine, for instance, Rassweiler and With- 
row\*) showed the relationship between the mass rate of 
burning of the fuel-air mixture and the resulting pressure 
records. Ensuing changes in the window engine design, main- 
ly in the method of holding the quartz in the head, permit- 
ted other combustion experiments in which Withrow and 
Bowditch(3) were able to define the character of the deposit 
ignition phenomenon. 

The most recent model quartz window engine, used by 
Bowditch and Stebar(4) to identify the combustion phenom- 
ena occurring under hot starting conditions, has a compres- 
sion ratio of 6. 75:1 and is of "ell" head design. Since to- 
day's modern automotive engine is of overhead-valve de- 


* Numbers in parentheses denote References at end of 
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sign and has a compression ratio of around 9. 5:1, it appear- 
ed appropriate that a new engine be considered for combus- 
tion research. Such an engine is described in the following 
sections. 
Engine Design ; 
Basic Engine Features - The basic idea for a window en- 
gine of high compression ratio and overhead-valve design 
is shown schematically in Fig. 1. As shown in the figure, 
the engine has a normal overhead-valve construction, an 
elongated piston, and a quartz piston crown. By providing 
a slot in the side of the piston and holding a canted mirror 
stationary inside the piston, it is then possible to view the 
combustion process by looking at the reflection of the com- 
bustion process in the mirror. 


\ [ COMBUSTION CHAMBER 
a Bis QUARTZ PISTON CROWN 


ELONGATED PISTON 


MIRROR SUPPORT 


Fig. 1—Schematic 
view of engine 
operating 
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Fig. 2—Cutaway illustration of cylinder, piston, and head 
assembly 


Two major problems involved in constructing an engine 
incorporating these ideas were: (1) finding a satisfactory 
means of attaching the quartz to the piston, and (2) finding 
or designing an engine to which the basic idea could be a- 
dapted. The problem of attaching the quartz to the piston 
appeared to be at least partially solved by previous experi- 
ence with a quartz head engine which had shown that some 
epoxy resin adhesives adhered strongly to both quartz and 
metal even at moderately elevated temperatures. 

Recently, a single-cylinder engine became available 
which appeared to offer the necessary features for the instal- 
lation of an elongated, heavy piston. The engine was e- 
quipped with an overhead camshaft so that only lengthening 
of the vertical drive for the camshaft and the head support 
members was required to provide for a long cylinder liner. 
Also, the engine had two pistons for balancing purposes so 
that the additional weight of the elongated piston was readi- 
ly taken care of by the addition of weight to the balance pis- 
tons, It was thus necessary to design only the piston assem- 
bly, cylinder, and mirror support, 

A cutaway illustration of the final cylinder, piston, and 
head assembly is shown in Fig. 2. The unique feature of 
the engine is the construction of the piston. It is composed 
of three parts: a quartz crown, an upper piston section and 
a lower piston section. 

The crown of the piston is made of clear fused quartz. 
Top and bottom surfaces of the quartz are flat and are pol- 
ished to provide a transparent piston crown. The final di- 
mensions of the quartz were determined by simultaneous 
consideration of optical limitations, bonding area require- 
ments, requisite metal wall thickness, and quartz weight-- 
all of which will be considered in appropriate succeeding 
sections. 
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Fig. 3—Schematic view of optical system 


The upper piston section serves three functions: (1) It 
provides support for the quartz crown; (2) it seals the com- 
bustion chamber from the mirror region by providing two 
compression rings and one oil control ring; (3) it provides 
the necessary room to permit the stationary mirror to be 


mounted inside the piston. 
The third function is accomplished by making the upper 


piston section hollow with a slot in one side to permit the 
mirror to be held stationary while the piston reciprocates a- 
bout it. The additional two slots in the upper piston section 
were made to decrease the weight of the piston assembly. 

The lower piston section serves two functions: First, it 
supplies support for the wrist pin; second, it provides an oil 
seal between the mirror region and the crankcase by supply- 
ing oil control rings. 

The transparent disc, shown in Fig. 2, sandwiched be- 
tween the cylinder and the head was furnished so that exter- 
nal light could be admitted into the combustion chamber. 


This is often desirable when photographs of the combustion 
process are taken since proper external illumination will 


light up various portions of the combustion chamber provid- 
ing location references for interpretation of the photographs, 
The construction of the disc will be discussed later. 

The cylinder head is of standard overhead-valve design. 
Since a flat top is furnished on the quartz piston crown, the 
combustion chamber formed by the piston and cylinder Fead 
can be of standard automotive design and, therefore, com- 
pression ratio is limited only by the usual problems of valve 
and spark plug location. Various cylinder heads are avail- 
able providing combustion chambers of from 4. 9:1 to 10. 7:1 
compression ratios. 

Design Factors -- Mechanical - The most difficult prob- 
lem associated with the piston construction was centered a- 
round the quartz-to-metal seal region of the piston. This 
consisted of supplying sufficient compressive and tensile 
strength to the region and yet not obscuring the view of the 
combustion chamber. 


QUARTZ PISTON ENGINE 


Fig. 4—Camera 
view of combus- 
tion chamber 


Providing a means of transferring the gas load on the 
quartz to the upper piston section was reasonably simple be- 
cause of the high compressive strength of fused quartz. As- 
suming a compressive strength of 190, 000 psi for the quartz, 
a maximum gas pressure of 1000 psi, and a cylinder bore of 
3.75 in.,a surface of about 0.070 sq in. is required to carry 
the load. In the final design, a shoulder on the quartz 0.120 
in. wide was supplied giving about 20 times the required a- 
rea. This large an area was used because of the method 
used to cool the quartz and will be discussed in a subse- 
quent section. 

Providing the necessary tensile strength in the quartz-to- 
metal seal was a more difficult problem. Assuming an en- 
gine speed of 2000 rpm, a stroke of 3.44 in., a connecting 
rod length of 6.625, and a quartz weight of 2.5 lb, the 
maximum tensile force on the seal due to the momentum of 
the quartz crown is about 750 lb. Solution to this problem 
lay in finding a bonding material of sufficient tensile prop- 
erties under moderately high temperatures. 

From past experience, it had been found that Shell Chem - 
ical Co. Epon 828 provided the best properties for quartz - 
to-metal bonds. It was therefore chosen to bond the quartz 
crown to the upper piston section. This adhesive has ten- 
sile and shear strengths of 1000 psi at 300 F and about 100 
psi at 400 F. For design purposes, it was assumed that the 
temperature of the bonding region would not exceed 400 F. 

It had been found previously that it was advisable to sep- 
arate the compressive and tensile load-carrying regions. This 
was true because when an adhesive was placed in the com- 
pressive load region, the adhesive apparently furnished an 
uneven load-carrying surface. This could be caused by the 
adhesive becoming pliable as temperatures increase. The 
uneven surface redistributes the compressive and tensile 
forces on the quartz, increases the tensile forces in a mate- 
rial which is quite weak in tensile strength, and quite often 
causes the quartz to break. 

In order to separate the compressive and tensile load-car 
carrying regions as well as to furnish sufficient bonding area, 
a tapered portion was designed on the bottom of the quartz 
piston crown as shown in Fig. 2. As finally designed, the 
tapered section of the quartz provided 14.5 sq in of bonding 
surface and, therefore, a tensile strength of 1450 1b at 400F 
to the quartz-to-metal bond, about a 100% safety factor. 
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The one oil and two compression rings on the upper pis- 
ton section served not only to seal the combustion chamber 


from the mirror region but also to cool the bonding area. In 
order to furnish sufficient metal wall thickness to accommo- 
date the rings in the bonding area, it was necessary either 


to supply a shoulder on the quartz equivalent to the metal 
wall thickness required (Fig. 2) or to use a smaller shoulder, 


taper the wall, and place the rings part way down the taper. 
As will be discussed later, the latter provision is the better 
one from optical considerations, Even with the tapered wall, 
however, the shoulder required to provide the requisite wall 
thickness was about 20 times greater than that required to 
accommodate the compressive load. 


Design Factors--Optical - To be sure that the entire com- 


bustion chamber would be visible when flame photographs 
were to be taken, it was necessary to consider the optical 
angle of the field of view of the camera. The camera to be 
used for this purpose was an Eastman High-Speed Camera, 
Model II, equipped with an f 1.9, 25 mm focal length lens. 
This lens has a 16 deg optical angle of field of view. Due 
to the differences in the indexes of refraction of quartz and 


air, this angle becomes 11 deg in the quartz. 
As shown in Fig. 3, this 11 deg angle then marks the 


maximum taper of the bottom section of the quartz which 
can be tolerated. If the taper were greater than 11 deg, the 
bottom edge of the tapered section would restrict the field 
of view of the camera. 

The field of view of the camera also affects the height 
of the quartz above the shoulder. The minimum height is 
determined when the optical conditions shown schematically 
in Fig. 3 are fulfilled with the camera as close to the mirror 
as the field will permit and the piston is at top dead center. 
As shown, the inside diameter of the shoulder of the quartz 
must be the same as the diameter of the field of camera at 
the shoulder. Then, the minimum height is the distance 
above the shoulder where the diameters of the field of view 
and of the piston coincide. 

In order to minimize the height of the quartz above the 
shoulder, the shoulder should be as small as possible. Hence, 
the reason why a smaller shoulder and tapered bonding re- 
gion was preferred to a larger shoulder and cylindrical 
region. 

Provision was made in the original design to admit ex- 
ternal light into the combustion chamber. This was accom- 
plished by making a Pyrex disc the same dimensions as the 
head gasket, but 1/4 in. thick, and including it as a sand- 
wich between the cylinder and head. By directing four 110 
volt photo spotlights at the disc, sufficient illumination 
could be obtained to light up the major features of the com- 
bustion chamber for photographic purposes. 

Fig. 4 shows the camera view of the combustion cham- 
ber. The intake valve is in the upper left, the exhaust in 
the lower right, the spark plug in the lower left, and the 
squish, or close clearance area, in the upper right. The 
head shown forms a 10. 7:1 compression ratio combustion 
chamber. 
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An exploded view of the actual piston, cylinder, and 
head assembly as originally designed is shown in Fig. 5. The 
mirror is supported in a 2 in. diameter tube which is held 
in position by the bracket shown on the cylinder. The piston 
assembly less connecting rod is about 10-3/4 in. long, and 
the bore of the cylinder is 3.75 in. in diameter. 

Operational Difficulties--Oil Control - One of the great- 
est problems which developed after the engine was placed 
in operation was that of oil control in the cylinder. It was 
found that an excessive amount of oil reached the mirror re- 
gion from around the valve guides, through the combustion 
chamber and past the rings on the upper piston section and 
from the crankcase around the oil ring on the lower piston 
section. The valve guide contribution was corrected by add- 
ing neoprene-teflon valve stem seals to both the intake and 
exhaust valves and guides. 

The oil coming up from the crankcase by the oil ring on 
the lower piston section proved to be a more difficult prob- 
lem. Apparently, the requirement that a bare minimum of 
oil enter the mirror region so that the mirror would not be- 
come coated with oil and the lack of blowby past the ring 
toward the crankcase intensified the problem. A second ring 
was added to the lower piston section and, after trying three 
piece chrome oil rings with little success, cast iron rings 
with expanders were tried and found to be reasonably suc- 
cessful in controlling the problem. 


Operational Difficulties--Transparent Disc - While the 


Pyrex disc sandwiched between the cylinder and head pro- 


Fig. 5—Exploded view of first piston, cylinder, and head 
assembly 
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Fig. 6—Cutaway illustration of laminated quartz-metal disc 
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vided adequate means for the admission of external light in- 
to the engine, it invariably fractured if the engine was run 
for more than a few minutes. Either the metallic faces of 
the head and cylinder distorted somewhat as engine temper- 
atures increased or the thermal coefficient of expansion of 
the Pyrex was too great. Lapping the surfaces of the head 
and block and using both soft and hard gaskets did not alle- 
viate the problem. 

An attempt was made to improve the thermal properties 
of the disc material by using Vycor rather than Pyrex. Since 
the thermal coefficient of expansion is lower for Vycor than 
for Pyrex, it was anticipated that a disc made of Vycor 
might solve the problem. Such was not the case. 

High temperature plastics were also used. However, discs 
made of these materials melted on the inner surface after 
a few minutes of engine operation and were, therefore, un- 
satisfactory even though they did not break. 

A reasonably satisfactory solution to the problem has been 
a water-cooled, laminated quartz-metal disc illustrated in 
Fig. 6. The disc is so constructed that eight rectangular 
quartz plates about 1-1/2 in. wide and 3/16 in. thick are 
cemented in a water-cooled metallic matrix. This pgovides 
eight individual paths for the light to reach the combustion 
chamber, Because so much of the external illumination was 
cut off by the metallic portion of the laminated disc when 
photo spots were used, eight Sylvania DFA T-12 prefocused 
projection lamps were substituted for the photo spots to pro- 
vide the external illumination. 

Operation Difficulties--Viewing Combustion Process - 
The quartz piston crown has performed very well except that 
it has been difficult to prevent a few chips of quartz from 
being broken from the edge of the quartz. These chipped 
sections appear in the flame photographs as unreacted re- 
gions in the combustion chamber. Placing a small chamfer 
on the top edge of the quartz piston crown has partially al- 
leviated the problem. 

It was found that taking flame photographs was not al- 
Ways a convenient way of studying the combustion process 


Fig. 7—Exploded view of present engine assembly 
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occurring in the engine and that a mechanical stroboscope 
would be a more appropriate means of accumulating data in 
some instances. Such an application of a mechanical strob- 
oscope allows a viewer to see into the combustion chamber 
of the engine for a few crank angle degrees at the same pre- 
set time in every explosion, For instance, an average time 
of completion of combustion can be determined by noting 
the crank angle time at which the viewing time of the strob- 
oscope is set in order that, on the average, the combustion 
process appears to have just been completed. 

The stroboscope built for this purpose utilized two 
selsyn motors. One motor was attached to an extension of 
the camshaft of the engine and, therefore, rotated at cam- 
shaft speed. Provision was also made so that the housing of 
the motor could be rotated concentrically with the camshaft 
and clamped in any angular position. 

The second selsyn motor, driven electrically by the first, 
rotated a 12 in. diameter disc in phase with the camshaft. 
The disc contained a narrow radial slot. By placing a cover 
around the disc and putting a 3/4 in. diameter hole in the 
cover which registered with the slot in the disc, it was pos- 
sible to see through the rotating disc for about 3 crank angle 
deg of disc, hence the camshaft rotation. 

When the stroboscope is to be used, the motor, disc, and 
cover assembly are mounted in place of the camera in such 
a position that the mirror in the engine is visible during the 
three degrees it is possible to see through the disc. By ad- 
justing the angular position of the housing of the first selsyn 
motor, the time of viewing through the disc is changed. 
Thus, it is possible to view the combustion chamber repeat- 
edly at any preset time in the engine cycle for three degrees 
of camshaft rotation. 

Current Engine - An exploded view of the present piston, 
cylinder, and head assembly is shown in Fig. 7. The changes 
in construction shown include the laminated disc, the pre- 


Fig. 8—External view of quartz piston engine 
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focused projection lamps shown in position around the cyl- 
inder, and the additional oil ring on the lower piston section. 

Fig. 8 shows an external view of the engine with the high- 
high-speed camera in position. The additional housing on 
top of the head contains the overhead camshaft and rocker 
arm assemblies. The jack screw above the camshaft hous- 
ing provided a variable compression ratio feature to the orig- 
inal engine which is no longer available in the present en- 
gine because of the construction of the piston and mirror 
assembly. 


Typical Problems for Study 


To illustrate the nature of the combustion phenomena 
which may be studied using the quartz piston engine, a num- 
ber of movies of normal explosions occurring under various 
engine operating conditions were taken as well as movies 
of explosions involving abnormal phenomena. The exam- 
ples shown are not intended to be a complete list of the pos- 
sible uses of the engine but rather are intended to show the 
general types of problems the engine is best suited for and 
the kinds of information which may be obtained. 

Normal Explosions - Photographs from high-speed movies 
of a normal, full-throttle engine explosion which occurred 
at a compression ratio of 8. 8:1 is shown in Fig. 9. The time 
in terms of crank angle degrees is shown under each photo- 
graph. Negative numbers denote crank angles before top 
center; positive numbers, degrees after top center. 

The spark discharge is just visible in the second photo- 
graph at 14 deg btc in the lower left corner. The combus- 
tion process propagated from this source of ignition and en- 
tered the squish area at about 19 deg atc. Combustion was 
complete for the explosion shown by 37 deg atc. The dark- 
ened areas around the periphery of the combustion chamber 
in which combustion does not appear to occur are actually 
caused by chips in the quartz piston crown. 

Since combustion was initiated at 15 deg btc and is com- 
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pleted by 37 deg atc, the entire combustion process required 
about 52 crank angle deg for completion. The apparent rate 
of flame travel was almost constant throughout the entire 
combustion process at approximately 75 ft/sec. By the 
time the combustion process entered the squish area, the pis- 
ton had moved down about 0.13 in. and this added to the 
gasket thickness of 0.040 in. made a squish area thickness 
of about 0.17 in. 

In an effort to show the effect of intake manifold vacuum 
on combustion, photographs of the combustion process 0c - 
curring under approximately 30 mph road load conditions 
were attempted. Fig. 10 shows the result. So far as is known, 
these are the first photographs ever shown of an untreated 
explosion which occurred under road load engine conditions. 

A comparison of the full-throttle (Fig. 9) and road load 
(Fig. 10) explosions shows two obvious differences. First, the 
road load explosion appears less intense than the full-throttle 
explosion. This difference is even greater than appears in 
the photographs since twice the lens opening was used in ob- 
taining the photographs in Fig. 10 than was used in Fig. 9. 


The second difference between the road load and full- 
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throttle explosions is the length of time required to com- 
plete combustion. For the full-throttle condition, about 52 
crank angle deg were required, whereas for the road load 
condition about 68 crank angle deg were required--about 
30% more than the full-throttle condition. As was true for 
the full-throttle condition, the rate of flame travel for the 
road load condition appears nearly constant for the entire 
combustion process, amounting to approximately 55 ft/sec. 

The effect of intake manifold vacuum on the time re- 
quired for combustion is summarized by the curve inFig. 11. 
Data for this curve were obtained using the mechanical 
stroboscope described previously. Engine operating condi- 
tions for the data were quite similar to those used when the 
combustion photographs shown previously were taken except 
that an engine speed of 1000 rpm, rather than 1200 rpm, 
was used. 

In order to show some of the effects of compression ratio 
on the combustion process, flame photographs were taken 
of explosions occurring at a compression ratio of 10. 7:1 and 
the same road load conditions used previously. Fig. 12 shows 
a characteristic explosion which occurred under these con- 
ditions. The major apparent difference between the lower 
(Fig. 10) and higher (Fig. 12) compression ratio explosions 
is that the explosion occurring at the lower compression ra- 
tio required about 10 crank angle deg longer to complete 
than did high ratio explosion. 

Obviously, a comparison of a single explosion at each 
of two compression ratios provides meager data for illustra - 
ting the effect of compression ratio on the time required for 
combustion. A summary of this effect for propane at 16 in. 
of Hg intake manifold vacuum is shown by the curve in Fig. 
13. Each point represents an average determination of time 
to complete combustion from flame photographs of at least 
15 explosions at each compression ratio. 

The curve shows that, under the stated conditions, dou- 
bling the compression ratio approximately halves the time 
required for combustion. Isooctane and ethylene react sim- 
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ilarly in this regard with ethylene showing a greater effect 
and isooctane a lesser effect than propane. 

Abnormal Explosions - Thus far, only examples of the 
application of the quartz piston engine to studies of the 
Cnaracteristics of normal gasoline engine combustion pro- 
cesses have been shown. However, this equipment is also 
of great use in studies of abnormal combustion processes. 
An example of one abnormal combustion phenomenon, spark 
knock, is shown in Fig. 14. 

Knock apparently occurred sometime between 20 and 23 
deg atc preceded by an end gas autoignition phenomenon 
shown at 20 deg atc. This phenomenon appeared in about 
one-quarter of the photographs of knocking explosions oc- 
curring under these engine conditions. Because the "shutter" 
of the high-speed camera used to take these photographs is 
closed about 75% of the time, it is not possible to determine 
whether or not the end gas autoignition phenomenon always 
precedes knock under these operating conditions. 

Fig. 15 illustrates hot spot ignition, another type of ab- 
normal combustion process. Actually, the explosion shown 
in the figure shows a combination of hot spot ignition and 
knock. The sources of the two extraneous ignitions at 12 
and 16 deg atc are not known. Since the engine had very 
little opportunity to collect deposits before these photo- 
graphs were taken, it is likely that the ignitions were due 
to hot combustion chamber surfaces. 


Concluding Remarks 


An attempt has been made to show the new possibilities 
of a quartz piston engine as a means of investigating the 
gasoline engine combustion phenomena. This engine is an 
improvement over past window engines for such studies since 
they can now be carried out in an engine of current com- 
bustion chamber design and at high compression ratios. For 
the first time it is possible to study the combustion phenom- 
ena occurring under road load as well as full-throttle engine 
operating conditions. It is anticipated that this new engine 
will open a new avenue to gasoline engine combustion re- 
search, 
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Table 1 - Solution Potential Differences Between Cast Iron 
and Several Aluminum Casting Alloys* 


Potential 
Alloy Difference, v 
319-F 0. 060 
333 -F 0. 060 
380-F 0.070 . 
319-T71 0.110 
319-T5 0.130 
356-T6 0.170 
C612 0.300 


*Determined in solution of two volumes of high chloride 
(273 ppm C}) tap watet plus one volume of ethylene glycol 


at 165 F. 
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ALUMINUM CASTING alloys possess certain inherent char- 
acteristics which make them excellent materials of construc - 
tion for the automotive engine. Probably the most impor- 
tant of these is a high strength-to-weight ratio. An alumi- 
num engine component will weigh 50-60% of the same part 
in iron. It is frequently found that an even greater weight 
saving can be effected because of the ease of die casting alu- 
minum with thin walls. Because weight saving in one part 
reduces the load in others, the weight of nonaluminum parts 
accordingly may be reduced. Aluminum alloys exhibit a 
thermal conductivity that is about twice that of cast iron. 
This excellent conductivity provides better heat dissipation 
which can result in longer valve life and lower octane num- 
ber requirements. Aluminum alloys generally are more 
readily cast, machined, and fabricated than iron alloys. The 
use of aluminum can reduce shipping charges and investment 
in fabricating tools. 

One characteristic of the aluminum casting alloys that is 
of special interest is good resistance to corrosion. Alumi- 
num and aluminum alloys develop, on exposure to air, an 
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- Corrosion Resistance 


of Aluminum 


inert oxide film that is responsible for this resistance to cor- 
rosion. The continuity and degree of protection afforded by 
this film will vary with the aluminum alloy involved and 
with the method of fabrication of a specific part. Pure alu- 
minum has a more continuous and protective film than the 
alloys. Nevertheless, the resistance to corrosion of the least 
resistant aluminum casting alloy is generally better than that 
of competitive ferrous parts. An additional reason for this 
is the self-stopping nature of aluminum corrosion. Once cor- 
rosion has begun, corrosion product films develop that in- 
terfere with further attack so that the rate of corrosion de- 
creases with time. 


Corrosion Problems in Aluminum Engines 


This paper is concerned with the liquid cooled engine 
and with cast aluminum alloy parts that are in direct con- 
tact with the coolant. Serious corrosion of components other 
than these has not been reported and is not anticipated. The 
information presented is the result of over 200 cyclic engine 
or road tests performed on aluminum cylinder heads mounted 
mostly on V-8 engines with cast iron blocks and with split 
radiators to compare two separate coolant solutions. In the 
earliest experiments it was determined that beaker tests were 
of little or no value in predicting service characteristics. 
Even continuous engine tests were abandoned in favor of cy- 


Automobile Engine Components 


clic tests to reproduce service conditions. The automotive 
engine is such a complex of corrosion factors including al- 
loys, areas, temperatures, coolant composition, coolant 
flow, and vibration that the simplest, most reliable corro- 
sion test is a service test of an engine. 

The composite engine, combining aluminum and cast 
iron components in the same cooling system, presents more 
of a corrosion problem than either an all aluminum or an 
all cast iron engine. The composite engine provides the 
possibility of galvanic corrosion between adjacent aluminum 
and cast iron components of the cooling system. If exces- 
sive coolant flow or abnormal hydraulic conditions are pres- 
ent in a cooling system, erosion or cavitation of the alumi- 
num may occur. In certain instances, improper gaskets may 
cause crevice corrosion. Stuck head studs have been en- 
countered in the past. Improper cleaners, unsuitable cor- 
rosion inhibitors and unsafe antifreeze solutions can cause 
corrosion of aluminum. Finally, certain local waters are 
more corrosive than others to aluminum components, Each 


of these will be dealt with in detail. 


Galvanic Corrosion 


Present-day corrosion theory is based on an electrochemi- 
cal explanation in which a cathode, an anode, and an elec- 


trolyte are essentials, All metals or alloys display charac - 
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teristic solution potentials when immersed in an electrolyte, 
and in the cast of an aluminum-cast iron composite engine, 
the aluminum component is the more electronegative of the 
two. This relationship makes the aluminum the anode which 
is the element that is sacrificed during the corrosion process, 
and the case iron becomes the cathode. The farther apart 
the solution potentials of the anode and cathode, the greater 
the driving force causing galvanic corrosion between the 
two. The solution potential differences between cast iron 
and several aluminum casting alloys in a hot antifreeze so- 
lution are shown in Table 1. 

Of the alloys listed, 319-F and 333-F are most compati- 
ble with cast iron because of the low solution potential dif- 
ference. Alloy C612 onthe otherhand is the least compati- 
ble. These laboratory observations were confirmed by en- 
gine and road tests of cylinder heads of these alloys mounted 
on cast iron blocks. Fig. 1 shows the appearance of a cool- 
ant port in cylinder heads of 319, 356, and C612 alloys aft- 
er two years of road service using a high chloride water- pro- 
prietary ethylene glycol antifreeze solution coolant. The 
respective depths of corrosion were 0.020, 0.034, and 0.120 
in. reflecting the differences in solution potential. In the 
case of the 319 alloy, the copper content (Table 2) of the 
alloy is responsible for the more positive solution potential 
while the zinc content of C612 renders this alloy more neg- 


ative. The copper must be in solid solution in order to be 
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effective in rendering the solution potential more positive. 
Thus, the as-cast (-F) condition is more desirable than the 
aged (-T5) condition in which the copper is largely precipi- 
tated from solid solution. Alloy 319 is a sand casting alloy, 
while 333 and 380 are used in permanent mold castings and 
die castings, respectively. All these alloys have suitable 
solution potentials and are recommended for composite 
engines. 

The most severe corrosion encountered with aluminum 
cylinder heads mounted on cast iron blocks has been at+the 
coolant ports where close proximity to cast iron has resulted 
in galvanic corrosion. This location has also been influenc- 
ed by the sweeping action of coolant flow, particularly since 
the coolant ports in the cast iron block have frequently been 
of larger diameter than the corresponding ports in the cylin- 
der heads, In this case, the coolant impinges on the alumi- 
num surface, erodes any protective films and thus acceler- 
ates corrosion. The use of a gasket with metering ports at 
the interface can prevent direct impingement of the coolant 
stream. An alternative is the use of larger ports in the alu- 
minum than in the iron, This, co:nbined with an aluminum 
casting alloy containing copper, such as 319, 333, or 380, 
can effectively reduce corrosion at this point. These rec- 


Table 2 - Nominal Composition of Some 
Aluminum Casting Alloys 


Cu Si Mg ta 
319 3./5 6.3 
333 3.8 9.0 
356 190 0.3 
380 315 9.0 
C612 0.5 0. 35 6.5 

| 
ALUMINUM 


| COOLANT | A 
FLOW 


Fig. 1a— Cross-section ‘sketch of aluminum cylinder head-cast 
iron block cooling port junction, magnified 3 times. 
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ommendations also hold for coolant system components other 
than cylinder heads that are attached to cast iron compo- 
nents, such as water pumps, elbows, and thermostat housings. 
In considering galvanic corrosion, one naturally exam- 
ines the possibility of heavy metal components other than 
the cast iron block as contributing to attack of aluminum. | 
Brass temperature wells, copper or steel gaskets, brass ther- 


b — 319 alloy cylinder head port with 0.020 in. deep pitting 


d — C612 alloy cylinder head port with 0.120 in. deep pitting 


Fig. 1b-d — Galvanic corrosion of aluminum cylinder head ports 
adjacent to cast iron blocks after 2 years of service with 2:1 
synthetic Royal Oak water-proprietary ethylene glycol coolant 
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mostats, and brass radiators could conceivably act.as cathodic 
elements. However, solution potential difference is not the 
sole controlling factor in galvanic corrosion. In the case of the 
first three possibilities mentioned, the anode area to cath- 
ode area ratio is the controlling factor. Because the alumi- 
num area is much larger than the heavy metal area, the lat- 
ter is polarized to the same potential as the aluminum and 
relatively little corrosion current flows, In the case of the 
brass radiator, the indications are that it does not contribute 
directly to galvanic corrosion of the aluminum, probably 
because of the long path in the electrolyte over which the 
solution potential differences would have to operate. 


* 
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EROSION AND CAVITATION 


The aluminum casting alloys have adequate resistance 
to coolant erosion under normal circumstances. However, 
direct impingement of a high velocity stream on an alumi- 
num surface should be prevented since suspended solids can 
scour away the normally protective oxide and corrosion prod- 
uct films and cause damage. Flow should be streamlined 
with a minimum of abrupt turns. Where such changes in 
flow cannot be eliminated, hard metal inserts have been 
used in some nonautomotive applications to minimize ero- 
sion. Figs 2-3 show the microstructural difference between 


Fig. 2 — Cross-section of general corrosion in 
an aluminum-copper-silicon alloy coolant man- 
ifold. Note interdendrite nature of corrosion. 
Magnified 250 times, unetched 


Fig. 3 — Cross-section of erosion pit in an alu- 
minum-copper-silicon alloy coolant manifold. 
Note clean, open nature of pit. Magnified 250 
times, unetched 
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a— distilled water, 0.005 in. deep pitting 


general corrosion and erosion in an aluminum-copper-silicon 
alloy coolant manifold. It is doubtful that among the alu- 
minum alloys, with the possible exception of the hypereu- 
tectic aluminum-silicon alloys, there is sufficient differ- 
ence in resistance to erosion to warrant consideration of an 
alloy change to overcome this condition. 

Cavitation has been encountered in several instances in 
aluminum diesel engine components. This phenomenon is 
said to be the result of the hammer-like collapse of voids 
in the coolant generated by mechanical vibration of the 
coolant passages. The exciting energy in one case was at- 
tributed to piston slap resulting from excessive piston clear- 
ance, Cast iron and hard chrome plate as well as aluminum 
were attacked. When the clearance was reduced the seri- 
ous cavitation attack disappeared. Cavitation was also ob- 
served in some early experimental aluminum water pump 
housings which had a large impeller clearance. Reducing 
this clearance eliminated the cavitation. The point of this 
discussion is that cavitation can be a serious problem and 
that it can be encountered with other materials beside alu- 
minum, The only really effective method of combatting 
cavitation is by design to eliminate the source of vibration 
responsible for the cavitation. 


b — Lubbock, Texas water, 0.002 in. deep pitting 


Fig. 4— Galvanic corrosion of alloy 319-F aluminum cylinder 
cyclic (144 cycles) engine test with 


Coolant Composition 


Using road tests of composite engines, consisting of alu- 
minum cylinder heads and cast iron blocks, a wide variety 
of coolant compositions was investigated to determine their 
effect on the galvanic corrosion expected at the coolant 
ports previously mentioned. Distilled water produced a 
superficial attack, in the form of pits only 0.005 in, deep. 
Water from Lubbock, Texas, reported to be corrosive to alu- 
minum, and synthetic Royal Oak, Michigan water, which 
was high in chloride content, were relatively harmless to 
aluminum in this test, producing light attack of only 0.002 
and 0.012 in. depth, respectively. 

However, when the synthetic Royal Oak water was com- 
bined with proprietary glycol or methanol antifreeze solu- 
tions, the attack became appreciable - 0.040 and 0.060 
in., respectively (Fig. 4). It is believed that the increased 
attack in these cases was a result of the presence of inhibi- 
tors of iron corrosion in the antifreeze solutions. These 
changed the polarization characteristics of the system so 
that the difference in solution potential between aluminum 


and cast iron became more effective in promoting galvanic 
corrosion. 
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c — synthetic Royal Oak, Mich. water, 0.012 in. deep pitting 


head coolant ports adjacent to cast iron blocks after 12 weeks 
various coolants. Magnified 3 times 


e — synthetic Royal Oak water, proprietary methanol 2:1 


solution, 0.060 in. deep pitting 
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d — synthetic Royal Oak water, proprietary ethylene glycol 2:1 
solution, 0.040 in. deep pitting 


At present, the major antifreeze manufacturers are work - 
ing diligently to develop inhibitor systems compatible with 
aluminum and iron and have had very encouraging results. 

It should be emphasized that the adoption of an all-alu- 
minum engine would greatly simplify the corrosion inhibitor 
problem because it would no longer be necessary to select 
an inhibitor compatible with dissimilar metals. 


Gaskets 


It is important that gasket materials be used that do not 
absorb water since poultice type corrosion may otherwise 
occur. Under these circumstances, aluminum in contact 
with absorbed water in the gasket reacts with oxygen dis- 
solved in the water and locally depletes the oxygen. At an 
adjacent free surface, the water in the gasket is saturated 
with oxygen. This variation in oxygen produces a differ- 
ence in solution potential which can cause corrosion. 

Steel asbestos and even copper have been used success- 
fully as head gaskets. Intimate contact with these heavy 
metals has been without serious consequence because of the 
large anode to cathode area ratios involved in the portions 
wetted by the coolant. 


Studs 


At one time, considerable difficulty was encountered in 
the removal of aluminum cylinder heads from cast iron 
blocks because of the buildup of galvanic corrosion products 
between steel head studs and the aluminum head. This dif- 
ficulty is essentially eliminated by the provision of 1/16 in, 
clearance on the diameter of stud holes in the head over the 
diameter of the studs and by the present common use of 
cap bolts. 


Cleaners, Inhibitors, and Anti-Freeze Solutions 


Cleaning compounds used in cooling systems should be 
thoroughly flushed out after each use. After the cleaning 
operation is finished, the cooling system should be com- 
pletely drained, refilled with fresh water, the engine run 
for 5 min and drained. This should be repeated again to 
insure the removal of the cleaning compounds which would 
be particularly corrosive to aluminum in a composite engine. 

In the composite engine most of the inhibitors of iron 
corrosion used commercially will actively promote corrosion 
of an aluminum-iron couple. Engine tests of 14 commercial 
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soluble oils indicated that a satisfactorily inhibited coolant 
was provided by the introduction of 1% of a naphthenic base 
soluble oil. Chromates, dichromates, and nitrites should 
never be used in composite engines as they promote severe 
galvanic corrosion of aluminum, 


As previously indicated, the leading antifreeze manufac - 
turers have made considerable advances in improving their 
formulae in recent months so that it is to be expected that 
antifreeze solutions no longer will contribute to corrosion in 
composite engines. The virtual elimination of calcium 
chloride antifreeze solutions from the market has removed 
a serious corrosion hazard to iron as well as aluminum. 

The use of high conductivity water, and particularly high 
chloride water, should be avoided in a composite engine 
since it tends to promote galvanic corrosion, particularly in 
the presence of antifreeze solutions. However, if the alloy 
and gasket designs outlined above are followed even the 
presence of corrosive coolant solutions should not cause cor- 
rosion problems, This was demonstrated by a service test 
of 12 vehicles at various locations throughout the country for 
periods up to 4-1/2 yrs, No control was exercised over the 
coolant solutions, but 319-F alloy cylinder heads and meter- 
ing gaskets were used. Even though high chloride waters 
were employed in two imstances, over 4 yr of service pro- 
duced no appreciable corrosion. 


All Aluminum Engine 


In the interior passages of aluminum coolant system com- 
ponents, away from junctions with cast iron and the attend- 
ant possibility of galvanic corrosion, only superficial and in- 
consequential corrosion has been encountered. Thus, an alu- 
minum -copper-silicon alloy cylinder head that had been in 
service for 29,000 miles showed an average depth of corro- 
sion of 0.014 in. This has been true also of the all alumi- 
num engines that have been examined, in spite of the fact 
that the majority of the components and engines have been 
cast from alloys with an appreciable copper content. It is 
general knowledge that copper is an alloying element that 
usually reduces the resistance to corrosion of the cast alumi- 
num alloys. However, in automotive cooling system appli- 
cations, alloys containing appreciable amounts of copper ex- 
hibit a uniform type of corrosion, free from isolated pits 
while copper free alloys may develop isolated attack. De- 
spite this observation the copper free alloys should be entire- 
ly suitable for the all aluminum engine. In fact, thousands 
of all aluminum diesel engines of copper free 356 alloy have 
given years of service without corrosion difficulties, 

A visit made recently to 18 European automotive engine 
manufacturing companies disclosed practically complete 
freedom from corrosion problems even though a variety of 
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aluminum alloys including copper containing and copper 
free alloys have been used in the production of these engine 
components. 

The automotive engine of the future will have one of the 


‘following combinations: 


1, An iron cylinder block and an aluminum head. 

2. An aluminum block and an iron head. 

3. An aluminum block and head with wet iron sleeves. 

4, An aluminum block and head with dry sleeves or wet 
aluminum sleeves. 

In the case of (1) the recommendations for mixed systems 
should be observed and should provide protection. 

The (2) construction should also be served by the same 
recommendations but would generally not be expected to be 
as severe as (1), since coolant flow is usually from the block 
to the head and impingement of aluminum surfaces should 
not be a problem. 


The (3) combination might be expected to afford the 
greatest possibility for corrosion since the elements for both 
galvanic and crevice corrosion are present at the seat of the 
sleeve. In this case an aluminum alloy containing appre- 
ciable copper would be desirable to minimize potential dif- 
ferences. A sprayed or hot dipped aluminum coating of the 
cast iron or possibly galvanizing should eliminate corro- 
sion of the cast iron as well as the possibility of galvanic 
corrosion. 

As indicated previously, the (4) construction would be 
free of potential galvanic corrosion and essentially free from 
corrosion in general. 


Summary 


Aluminum automotive cooling system components may 
be expected to provide excellent resistance to corrosion even 
in mixed aluminum-iron systems provided that the described 
precautions are taken in alloy choice and design. 

The all aluminum engine will be free of the corrosion 
problems caused by galvanic attack associated with the com- 
posite engine. Further,the use of the all aluminum engine 
should provide a system more resistant to general corrosion 
than present, all-iron or mixed systems, It is anticipated 
that any difficulties which may arise, as frequently hap- 


pens in the case of new materials, can be overcome by de- 
sign techniques, 
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Automatic Highway and Driver 


DURING the past few years many investigators have proposed 
utilizing electronic aids, and completely automatically con- 
trolled vehicles as a means of improving safety and highway 
transportation efficiency. The discussion in this paper is 
centered about a completely automatic system, called Auto- 
Control, and two driver aids, called Electro-Lane and Hy- 
Com. Auto-Control is applicable to limited access high- 
ways and is presently embodied in a 1/40 scale model. Elec- 
tro-Lane is a path error detector and Hy-Com is a low fre- 
quency induction radio communications system. Each of 
‘the latter aims to provide an aid to car drivers and with fur- 
ther development might be made generally applicable for 
use in the relatively near future. Fortunately, both of these 
systems would be complementary to a completely automatic 


system. 


Auto-Control 
General Design Concepts and Considerations - It is un- 


necessary here to discuss in great detail the reasons for de- 
vising automatic vehicle control systems. Briefly, these are 


based on 
1. Reduced driver effort and improved comfort. 
2. Potential safety improvement through elimination of 


driver error. 


Aid Developments 
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3. Increase in highway capacity by eliminating driver 
lags which influence the spacing of vehicles on our present 
roads. 

In the development of the GMR Auto-Control System it 
was decided to concern ourselves only with operation of ve- 
hicles on a limited access highway in order to reduce the 
complexity of the control system. Even such a limited ap- 
plication could prove very practical and useful, when it is 
recognized that some 90% of inter-city passenger travel is 
accomplished in private cars. The transition problem isrec- 
ognized in this design, and, therefore, the road model was 
built to accommodate both automatically controlled vehi- 
cles and conventional manual cars. Before discussing the 
details of operation of this highway model, its general phys- 
ical arrangement will be reviewed. 

GMR1/40 Scale Model - Essential features of the Auto- 
Control System are embodied in a scale model oval track, 
approximately 20 x 30 ft over-all, representing a 4-lane 
divided highway. Distances and speeds are 1/40 scale. The 
tract has been arbitrarily divided into 16 5 ft blocks, sim- 
ulating a stretch of highway 6/10 of a mile long. At 1/40 
scale, each block represents 200 ft on an actual highway. 
Suitable wiring is embedded in the blocks to accomplish the 
various control functions. The general layout of the track 
is shown in Fig. 1. Only the two counterclockwise lanes 
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1. GUIDANCE 3. OBSTACLE DETECTION 
2. SPEED CONTROL 4. WARNING LIGHTS 
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Fig. 1 — Auto-Control system features — 1/40 scale model 


Fig. 2— Model buses 


are equipped for vehicle operation. The right hand lane 
has been designated as a manual lane, and the lefthand lane 
is equipped with sensing and control wiring to provide com- 
pletely automatic operation of scale model buses. The func- 
tions performed automatically consist of: 

1, Providing guidance to maintain the proper vehicle 
path. 

2. Detecting obstacles in the automatic control lane. 


3. Regulating vehicle speed to prevent collision with 
other vehicles or obstacles in the automatic control lane. 

4, Providing warning signal lights to control use of the 
automatic lane as a passing lane for manual cars, 

There is clearly a wide variety of means of accomplish- 
ing the several functions just outlined. The particular means 
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adopted for this automatic highway system are considered 
to be desirable compromises. From the standpoint of ease 
of transition from manual to automatic control, it would be 
desirable to have all of the special equipment contained in 
the car. If neither active nor inactive control equipment 
were required in the road, vehicles could operate under auto- 
matic control on our present road system. Onthe other hand, 
there appears to be many shortcomings in such an arrange- 
ment, particularly with respect to sensing all of the infor- 
mation required to regulate speed and direction from the ve- 
hicle itself. For this reason the control equipment has been 
divided between the car and the road. In addition, we have 
elected to utilize a block system for detection of obstacles | 
and speed control rather than a continuous spacing control 
system for reasons of simplicity and reliability, In fact, a 
number of design choices involving compromises between 
reliability and operating efficiency were made in favor of 
reliability. 

Model Vehicles - In order to provide space for the bat- 
teries and electric motors required to drive the vehicles, 
model buses, shown in Fig. 2, have been used. All of the 
transistorized electronics sufficient to sense the input signals 
and provide controls for the power systems of a full scale car 
are mounted on two insulating boards which also serve as a 
frame for the mechanism. An electric torque motor turns 
the front wheels to provide steering corrections. A silver- 
zinc battery mounted near the rear supplies power for both 
the electronics and the drive and steering motors. Addition- 
al description of the vehicle details accompanies discussion 
of the several functions. 

Steering Control - Providing steering control signals 
from the road is relatively simple. Since the desired path 
of the car is the same as that of the road, only the position 
error of the car on the road must be sensed for guidance. The 
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Fig. 3— Layout of control wires in one block of automatic 
highway 
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required steering correction can then be determined and sys- 
tem stability assured by taking car response characteristics 
into account. 

The steering control element in the model highway is in 
the form of a criss crossed wire that essentially forms two 
parallel wires embedded in pavement down the center of 
the lane. Alternating current of about 50 kc in the wire gen- 
erates a magnetic field along its entire path. As pointed 
out in the following section, this same wire is used for speed 
sensing. The arrangement of all the control wiring in one 
block is shown in Fig. 3. 

Two pickup coils mounted on the underside of the model 
car straddle the criss crossed wire. Changes in voltage be- 
tween the two coils, as determined by their position rela- 
tive to the cable, automatically adjust the steering mechan- 
ism to keep the car on course, Fig. 4 shows the various sig- 
nal pickup coils mounted on the underside of the small model. 

This technique is similar to the electromagnetic system 
demonstrated on a full-size car by GM Research Laboratories 
in February 1958. In that system, changes in voltage be- 
tween the two pickup coils were fed into a small electronic 
analog computer which directed a servo system controlling 
the car's steering gear. Similar components within the car 
are envisioned in any future full scale version of the Auto- 
Control System. 

Speed Control - Rather than permit each vehicle to se- 
lect its own speed, it was decided that all cars under auto- 
matic control should operate at the road speed limit. This 
eliminates the many passing situations which otherwise de- 
velop, simplifies the automatic equipment, and also pre- 
vents delays in the automatic lane due to slow vehicles, Such 
expeditious handling of automatic traffic is one of the great- 
est potential virtues of automatic car control. 

A scaled top speed of 60 mph was arbitrarily established 
for the scale vehicles running on the model road. At 1/40 
scale, however, their actual top speed is only 1-1/2 mph. 
Provision is also made to automatically impose a 30 mph 
speed limit or to stop the cars completely under circum- 
stances when 60 mph is unsafe, In a full scale application, 
any maximum speed could be selected and varied automat- 
ically to compensate for changes in vehicle performance de- 
pending on driving conditions, such as wet pavement, ice, 
or darkness. 

Two basic requirements must be met to provide automat- 
ic speed control. 

1, Precise measurement of the car's actual speed. 

2. A speed command signal telling the car how fast it 
should be going. 

Any differential between these two quantities can be used 
to initiate automatic adjustment of the car's speed through 


*Numbers in parentheses designate References at end of 
paper. 
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Fig. 4 — Signal pickup coils mounted on underside of model 


control of accelerator and brakes, 

The criss crossed wire is so installed that its two branches 
cross at equally spaced intervals, The voltage induced in 
the speed measurement pickup coil on the car (see Fig. 3) 
becomes zero midway between each crossing of the wire, 
thus providing a definite marker that can be sensed bya pick 
up coil and counted. The car measures its own speed pre- 
cisely by a count of the number of voltage nulls passed per 
second. The cross spacing is selected so that 1 cycle/sec = 
1 mile/hr both in the model and full scale road. 

Another wire, parallel with and centered in the criss 
crossed wire, provides a speed command signal that is picked 
up by another coil on the car. This wire carries a signal of 
about 90 kc modulated by either of two low frequencies to 
provide the 60 mph and 30 mph speed command signals. For 
zero command speed, or "stop", the signal is interrupted. 
The command speed is determined by the obstacle detectors 
in adjacent blocks. 


If the car's speed is over or under the command speed, 
an error signal is created proportional to the difference be- 
tween the frequency of the command speed modulating sig- 
nal and the number of voltage nulls per second from the 
criss crossed wire. The error signal regulates the current to 
a small electric motor in the model, causing the car's speed 
to become equal to the road command speed. In a full-size 
vehicle, this error signal could be used to control the accel- 
erator and brake pedal combination. 


The signal frequencies used in the model track are more 
or less arbitrary values for this particular small scale appli- 
cation. In a full scale highway, the actual frequencies used 
would be dependent upon the details of the electronic tech- 
niques used, 

Obstacle Detection - The speed and acceleration of in- 
dividual cars on an automatic highway must be dependent 
on the position and speed of other vehicles or obstacles on 
the same road. Therefore, some kind of sensing means is 
required for determining the relative position and/or speed 
of other vehicles and objects. It appears that the obstacle 
detection function must necessarily be part of the road equip 
ment because of certain fundamental limitations in suchcar 
based sensing apparatus as radar, ultrasonics, or infrared. 
(1)* The Auto-Control System provides for the electromag - 
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netic detection of vehicles and other metallic objects in the 
automatic lane only. 

Embedded below the surface of each 5 ft block (repre- 
senting 200 ft on an actual highway) are four obstacle de- 
tector coils (secondary) and a larger coil (primary) which 
encloses the secondary coils (see Fig. 3). The four second- 
ary coils are connected in pairs. The two coils in each pair 
are connected in opposition and are alternately spaced with 
the two coils of the other pair. Metal objects located in an 
obstacle detector section have eddy currents induced by the 
alternating magnetic field produced by the obstacle detector 
primary coil which is energized with alternating current. 
This results in a disturbance of the magnetic field through 
the secondary coil over which the obstacle is located and 
the resulting unbalance in induced voltage provides a re- 
liable indication of the obstacle whether stationary or mov- 
ing. The time interval between detection at successive sec- 
ondaries is also used to give an approximate indication of 
the speed of the vehicle. Its presence and speed regulate 
the command speed in following blocks in accord with the 
following rules, 

A car traveling over 30 mph causes a 30 mph (half speed) 
speed command signal to exist in the first block to the rear 
and a 60 mph signal in the second block to the rear. A car 
traveling at 30 mph or below causes a Zero speed command 
signal to exist in the first block to the rear and a 30 mph 
signal in the second block to the rear, Thus, if a car un- 
expectedly stopped in block 9, for example, the following 
car would be stopped in block 8, and the next car would be 
stopped in block 7. If another car were coming up from be- 
hind at 60 mph, its speed would be cut to 30 mph in block 
5, and it would be stopped in block 6. 

To avoid the need for a great deal of road intelligence 
(with resulting complication) it is proposed that the driver 
utilize manual control when fixed obstacles are encounter- 
ed. The manual lane can be used for getting around the 
obstacles before resuming automatic operation. In fact, if 
an automatic vehicle is stopped for an obstacle, the auto- 
matic vehicle becomes an obstacle for itself, and is not al- 
lowed to continue automatically, even though the obstacle 
isremoved. To return to automatic control, the driver 
must manually accelerate the car over 30 mph, and then 
flip the Auto-Control switch, 


Manual Car Operation - In general, drivers of manually 
controlled cars would drive as usual keeping in the righthand 
lane, Their use of the left lane for passing is regulated in 
our model road by traffic signals which indicate the presence 
of an automatic car in the immediate vicinity. The warn- 
ing lights are turned on by a 2 kc signal from a coil on the 
automatic car to the speed command coil in the road, These 
lights “travel” along with the car to warn manual cars in the 
vicinity that the automatic lane isin use. For example, 
when an automatic car enters block 8, it turns on the lights 
in blocks 7, 8, 9, and 10, When it enters block 9, light 7 
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Fig. 5 — Electronic equipment racks 


goes off and light 11 comes on. In an actual installation, 
one light would be installed for each 200-ft block. Thesig- 
nal lights are used to provide smooth operation in the auto- 
matic lane but if a manual car entered against a signal it 
would be detected as an obstacle and cause following auto- 
matic cars to stop. 

Road Electronics - The electronic equipment racks used 
with the road model are shown in Fig. 5. These are act- 
ually representive of functional full scale road equipment. 
No particular attention has been paid to reducing size inthis 
prototype. The two cabinets shown provide all of the road 
electronics needed for 400 ft (2 blocks) of controlled road 
with the exception of the primary guidance signal. This sig- 
nal can be supplied to many blocks by a single simple os- 
cillator. In a full scale installation this equipment could be 
installed below grade and operated from batteries floated 
on a charger to increase reliability. 

Reliability - Practical application of automatic vehi- 
cle control depends largely on the ability of engineers to pro- 
duce both mechanical and electronic equipment with ad- 
equate reliability. Unless this is accomplished, attainment 
of improved safety will not be possible. 

Redundancy has been used in the Auto-Control model to 
increase the steering signal reliability. In addition to the 
crossed guidance wire signal, the speed command wire may 
be used for this purpose. In a full scale installation, auto- 
matic switchover could occur in the event of loss of primary 
system signal, Protection has also been provided in event 
of speed command signal failure. Loss of command speed 
is equivalent to commanding zero speed and vehicles in the 
affected area stop until manual control is assumed by the 
driver. 

Automatic Spacing and Road Capacity - The spacing 
control in the Auto-Control Model has been previously de- 
scribed in a general way, A more technical discussion of 
spacing control will demonstrate the importance of auto- 
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matic spacing in highway carrying capacity. In fact, an 
important motivation for automatic highway research is the 
increased highway capacity and accompanying economy of 
transportation that automation can theoretically afford. In 
a previous SAE Paper (2), Bidwell showed that with auto- 
matic control there exists a potential increase of approxi- 
mately 100% in vehicle capacity for thespeed range above 
10 mph. Bidwell assumed the following in hiscomputations: 

1, A lead car travelling at velocity Vi, can decelerate 
at a maximum rate of 1 g. 

2. A following car travelling at velocity, V2, can de- 
celerate at a maximum rate of 2/3 g. 

3. The relative velocity and spacing between the two 
vehicles are know continuously by the rear car. 

4, The response time in the following car is zero, 

From practical considerations it appears that an automat- 
ic highway must be divided into blocks for determining the 
position of vehicles on the road. As a result, the following 
car Must assume that a vehicle in a block ahead is at the 
near end of the block, and must be spaced from this block 
accordingly. To detect a velocity change in the lead car, 
the Auto-Control road measures the time required to cover 
the length of one secondary obstacle detector coil. There- 
fore, to the spacing (less the car length) computed by Bid- 
wellinhisEq. 5(2), one must add the length of the obstacle 
detector, Lg, which measures the lead car's velocity. To 
the above spacing one must add the length of the number 
of blocks the vehicle can at most occupy. The resultant 
spacing is that spacing need for computing the capacity of 
an automatic road using the Auto-Control spacing technique 
(Eq. 1). Since an automatic road cannot space vehicles as 
close as the ideal minimums described by Bidwell's paper, 
it is of interest to know just how close the vehicles can be 
spaced on an automatic road when the practical limitations 
of a block system are considered. To illustrate the influ- 
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Fig. 6 — Plot of car spacing versus steady-state vehicle velocity 
for automatic block of 5, 20 and 80 ft 
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ence of discrete blocks on spacing and vehicle capacity, the 
results of making the blocks 5, 20 or 80 ft long shall be ex- 
plained. Eq. 1 shows the ideal minimum spacing from the 
rear of the block of the lead car to the rear of the block oc- 
cupied by the following car as a continuous function of steady- 
state velocity. Eq. 2 gives the stepwise spacing of vehicles 
required by the block system. Eqs. 3 and 4 give the capac- 
ity resulting from the spdcings given in Eqs, 1 and 2 respec- 
tively. 
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where: 
AS = Spacing from the rear of the car ahead to the rear 
of the following car (ft) 
Lop = Length of the obstacle detector coil (ft) 
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Fig. 7 —Plot of automatic road capacity versus steady-state 
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Ko al 
a2 
nis. = Stepwise spacing from the rear of the lead car's 
block to the rear of the following car's block (ft) 
M = Next larger integer in the fraction AS 
Lg 
CAs= Capacity of the road for spacing as a continuous 
function of the steady-state velocity (car/sec) 
Cg = Capacity of the road for spacing as a stepwise func- 
tion of velocity (cars/sec) 
V = Steady-state velocity of the two cars (ft/sec) 


It is also assumed here that the response time of the ve~ 
hicle's speed control system is zero. Thus, the spacing given 
by Eq. 2 yields the ideal minimum spacing obtained by any 
real speed control system of the Auto-Control type. It is 
also assumed that as soon as the lead vehicle decreases its 
speed by some small percentage, say 0. 3% of the road full 
speed, the rear car is warned. The additional spacing caused 
by this small speed error for the first car shall be neglected, 

Letting Kj = 1.0, Ko = 1.6, ap = 18,2 ft/sec* and a 
vehicle length just less than 20 ft, Figs 6 and 7 are drawn 
using Eqs. (1, 3) and(2, 4) respectively. Notice that in Fig. 
6 the continuous curve AS, is approximated by_[S(Lp = 5, 
Lop = 5) and [S(Lg = 20, Lop = 5), but on the high side. 
Also_J|S(Lg = 80, Lop = 20) is a high side staircase approx- 
imation of ASp. As the block length increases the spacing 
of the steps becomes larger. 

For reference purposes the minimum spacing of the nor- 
mal driver has been included from the previously mentioned 
SAE paper by Bidwell. Referring to the capacity curve (Fig. 
7) the curves [C(Lp = 5), C(Lp= 20)] and C(Lg = 80) are 
low side, saw-toothed approximations to the curves C, and 
Cp,respectively. As block length increases, the saw-tooth- 
ed approximations deviate further from the continuous ca- 
pacity curve, and the capacity of the road decreases, Al- 
though it is not quite apparent from the curves, Eqs. 1, 2, 
and 4 show that the capacity will also suffer somewhat from 
an increased obstacle detector coil length. The bright side 
of the picture comes when one compares the curves C(Lp=5) 
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Fig. 8 — Schematic of voltage induced in secondary coil inside 
primary coil 
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and C(Lg = 20) with the best capacity the normal driver can 
attain. Although these curves are lower than the continu- 
ous capacity curve, they still demonstrate that an automat- 


~ ic road can carry on the average 70% and 50% more traffic, 


respectively, than the normal driver. 

Another important consideration in the construction cost 
of an automatic road is the amount of rear warning distance 
needed for automatic vehicles. The worst situation that 
would be encountered is that of an automatic vehicle that 
must stop for a stopped vehicle, The distance at which the 
car must be given its first warning is given by Eq. 09. 


Ly = ILp (5) 
where: 
Ly = Length of the warning tail (ft) 
I = Next higher integer above the fraction 


{ @rmexits min) + Lop \ 
LB 


Vmax = Maximum velocity for automatic vehicle oper- 
ation (ft/sec) 

amin = Minimum allowable deceleration for automatic 
vehicles (ft/sec) (If a vehicle cannot deceler- 
ate at at least ajjjin, then the vehicle is not al- 
lowed on the automatic road) 


Lg, Lt, Lop,» Vmax #minthen become the design para- 


meters for the construction of an automatic highway and for 
the vehicles that travel the highway. 

Table 1 relates construction costs, vehicle costs, and high- 
way capacity to the automatic highway design parameters. 

Notice that although construction costs decrease with in- 
creasing block lengths and obstacle detector coil length, 
there is a corresponding decrease in highway capacity. Also, 
although an increase in minimum deceleration will increase 
the capacity of the road, it may well cost the automatic car 
owner more, A compromise between the parameters involv- 
ed can best be made when the particular application of the 
system is known. 

Basic Theory of Obstacle Dectors - In general, the volt- 
age induced in a secondary coil inside a primary coil may 
be given by Eq. 6 (3), with schematic representation in Fig. 
8. 


di M dl d 
i ° 
ee Lee pos (6) 
dt 4TT Tps 
where: 
es = Instantaneous voltage in secondary coil 


dip = First derivative of primary current with respect to 
dt time 

La, = Mutual inductance of the two coils 

Mo = Permeability of free space 
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Table 1 - Inter-relationships of Construction Costs, 
Vehicle Costs, and Highway Capacity With The 
Automatic Highway Design Parameters 


Dependent Vari- 
able Increase as 


Dependent Vari- 
able Decrease as 


Dependent These Param- These Param- 
Variable eters Increase eters Increase 
Construction 
Costs LT, Vinax Lop, LB; amin 
Vehicle Costs amin» Vmax 
Highway Capacity amin Lg, Lop 


SS 


dl, = An infinitesimal direction vector on the secondary 
coil 
dlp) = An infinitesimal direction vector on the primary 


eo 
Ips = Distance between the vectors dl, and dl, 


From the mathematical expressions the following simple 
conclusions may be drawn. The voltage induced in a single 
rectangular secondary coil, when placed so that its sides are 
parallel to a larger rectangular primary coil will increase 
as follows: 

1. In direct proportion to 

a. the ratio of secondary to primary turns. 

b, the primary current amplitude. 

c. the frequency of the primary energy 

d. the permeability of the material surrounding the 
coils. 

2. In nearly direct proportion to the factor by whichall 
dimensions of both primary and secondary coils are increas - 
ed. 

3. When the area of the inside of the secondary coil en- 
closes more of the area of the primary coil. 

Also, it is basic to understand that the eddy currents in- 
duced in a flat sheet parallel to the plane of the secondary 
coil will attenuates the voltage pick-up by that coil. The 
attenuation is greater as: 

1, Conductivity of the metal increases 

2. Thickness of the metal increases 

3. Area of the secondary coil covered by the metal in- 
creases 

4, Distance between the metal and the coil decreases 

Thus, when a pair of detector secondary coils become 
unbalanced, it is because the secondary in which the metal 
resides has less, rather than greater, voltage output. More- 
over, the greatest possible unbalance voltage that may oc- 
cur is the pickup voltage of one of the secondary coils. In- 
deed, there should be a voltage increase when a ferromag- 
netic material is placed in the secondary coils, but this ef- 
fect has not been detectable in comparison to the much 
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Fig. 9 — Obstacle detection system 


stronger eddy current effect for frequencies between 1 kc to 
100 ke, 

Actual Design of Obstacle Detection System - Using the 
following basic knowledge, one can better design an obstacle 
detection system. The system contains five main compo- 
nents: 

1. A primary oscillator, which feeds 

2, A primary coil, which energizes 

3, 2 secondary coils, the unbalance of which feeds 

4, A high gain amplifier which actuates 

Dee telay, 

The system arrangement is shown in Fig. 9. The.opposed 
secondary coils are balanced in output voltage by adjusting 
the variometer for a minimum. Although a multiple-turn 
secondary would allow one to decrease the primary power 
needed to obtain a given signal voltage in the secondary, 
the single turn of low resistance wire affords a simpler, more 
rugged installation. If the coils are made smaller in dimen- 
sion, a multiturn coil may be prewound, and installation 
would be more practical. However, the smaller size would 
increase the number of detector components needed to cover 
a given area, 

Part of the obstacle detector wire goes in the shoulder of 
the road. For a large coil, as is used in the model, a groove 
would have to be diamond cut in the concrete for the wire. 
The wire could then be covered with an epoxy resin or tar. 
If a road is to be black topped the wire could be laid on the 
concrete surface before the road is covered. 

Since neither the primary coil nor the secondary coils are 
tuned, small changes in the circuit parameters will not af- 
fect the performance of the system. If the primary and sec- 
ondary wires have been laid together where possible, a small 
separation of the two wires at one point would cause a de- 
tectable change in the balance of a pair of secondary coils, 
Thus, a finite separation of the primary and secondary wires 
improves the reliability of secondary balance. 


_Fail-Safe Features of Obstacle Detection System - Table 
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Table 2 - Obstacle Detector Failures and Results 


Failure Result 

Loss of signal to pri- Secondary coils in adjacent 
mary coil (broken blocks become unbalanced. 
primary coil, bad 

oscillator, Edison 

power failure in 

one block). ; 


Sufficient noise to trip high gain 
amplifier. 


Loss of secondary 
pickup (cut 
secondary). 


Amplifier No. 1 Redundant amplifier No. 1 works 


fails 


Redundant amplifier Amplifier No. 1 works 


No. 1 fails 


Amplifier No. 1 System fails 
and Redundant am- 


plifier No. 1 fail 


Power failure to Speed command = 0 in all blocks 


whole road 


2 indicates the possible failures that might occur in the ob- 
stacle detection system and the accompanying results. Since 
the only unsafe failure that could occur would be that of a 
defective amplifier, two amplifiers in parallel are used with 
each pair of secondary coils to increase system reliability. 


Obstacle Detection Experiments - Several experiments 
will be described to indicate how the obstacle detection 


equipment used in the model road may be improved in geo- 
metrical configuration. Although the experiments have been 
conducted on a 1/40 scale basis, the initial investigation 
leads the authors to believe that all dimensions of the model 
road coils may be scaled up by a constant factor and still 
obtain at least as high an unbalance signal from the secon- 
daries. This could be accomplished with the same primary 
impedance, thesame current in the primary, and an equiv- 
alent obstacle (one witH all dimensions multiplied by the 
scale factor). In a test in which the scale of the coils was 
increased by a factor of four, the minimum unbalance volt- 
ages, for frequencies of 1, 10 and 40 kc also increased by 
roughly four. With the three constraints previously mention- 
ed and the frequency at 10 kc, the unbalanced voltages were 
equal for the two different scales. 

When tested with the primary at 3 milliwatts of power, 
the model obstacle detection system demonstrated the road 
coverage shown in Fig. 10. Notice the unbalance voltage 
read on an oscilloscope is quite low as the bus straddles the 
coils in the positions marked b, c, & d. However, as the 


H. M. MORRISON, et al. 


UNBALANCE SIGNAL 
FROM ADJACENT BLOCK 


N 


UNBALANCE VOLTAGE 
mv peak to peak 
iw ior & SO 


0 10 20 30 40 50 


Bus aes 
DIMENSIONS y x POSITION OF MODEL BUS ON LANE 2 


LONG Y 


et rp de i doe 
—————_—— m 


2'2" WIDE 


4” LANE 2 
T LANE 1 


NO ADJACENT BLOCK 


ADJACENT BLOCK 


i = 2.0 sin {2%(5x 10°)t} 
WN 
NOU, PRIMARY OSCILLATOR 


(Q) e = 3.1 sin {2x (5x 103)t + 12.9% 


Fig. 10-—Plot of unbalance signal voltage versus position of 
model bus for overlapped coils 
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Fig. 11 — Plot of unbalance signal voltage versus position of 
model bus for model road coils 
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bus enters the block at a or as the bus leaves the block at 
e the unbalance voltage is still appreciable. The poor cov- 


erage of the positions, b, c, and d may be rectified by over- 
lapping the coils as is shown in Fig. 11. Thus, complete 
coverage of the road is accomplished. 
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The balanced secondary method of metal detection also 
provides excellent lane definition. Fig. 12 shows the un- 
balance voltage as a function of the lateral position of the 
center of the model bus from the center of its own lane. No- 
tice that, if the bus stays in its own lane, the input to the 
obstacle detector amplifier is only the minimum unbalance 
voltage. However, if the bus heads toward the adjacent 
lane, the voltage unbalance sharply increases. It is this un- 
balance that is amplified and then used to trip a relay for 
slowing a vehicle down in preceeding blocks. Fig. 11 shows 
a near optimum arrangement of coils, and Fig. 12 demon- 
strates that the adjacent manual lane might some day be 
automated as well, by just adding extra secondaries in the 
manual lane. There has been no interaction difficulties en- 
countered between the overlapping secondaries. 

Reliability Analysis - Sincereliability of an automatic 
system is important, the following analysis was undertaken 
to develop a greater understanding of the problem. The au- 
tomatic vehicle and road system that the reliability engin- 
eer would construct is different from the ordinary system in 
that it contains redundant components where the system 
might be weak. Thus, as an exercise, the reliability of the 
hypothetical vehicle and road system shown in Fig. 13shall 
be computed. The individual reliability for each component 
or assembly in the road-car system is defined in Appendix A. 

Reliability Algebra (4) - Let the reliability of component 
Vee omen be given DY Ric Ro, Ro, 6 2. 5 Rens Te= 
spectively. Let Rp be the resultant reliability of the com- 
ponents when combined together. The reliability of the com- 


ae ee | 


ee 7 
' 


SPEED COMMAND WIRE STEERING 
SIGHAL TO CAR PICK-UP COILS 

' 

i 


H 
i Ria HH 
H U 
H 
H 


(= SS 


OBSTACLE 
DETECTORS 


©) 


‘SPEED 
MEASUREMENT 
SIGHAL 
’ 
101 


SERVO-VALYE 
HYDRAULICS 
THROTTLE 


39 


ponents working in series is given by Eq. 7 and in parallel 
by Eq. 8. 
= (Ri)(Re)(R3) (7) 


oeeeer 


R 
Rgeries 


= [1-(1-Ry)(1-Re)(1-Rg) » (1-Rp)] (8) 


O06 6 


RR parallel 


Let components 1 and 2 now be connected through a switch- 
ing mechanism of reliability R/§7) such that, when compon- 
ent 1 fails, 2 works. With sucha switching arrangement, the 
minimum resultant reliability obtainable for the system 


RR ack is given by Eq. 9. 


| Revi ay1t (1-Ry)(1-R G2) %| (9) 

Great use has been made of this switching method in the 
design of a possible automatic system, shown in Fig. 13. Fig. 
13 shows that almost all main line components have been 
paralleled with a redundant component that may be switched 
in to perform the component task. At the same time the 
switch commands the car to stop. Thus, whenever any one 
of the first line set of components has failed, the cariscom- 
manded to stop through a switching arrangement. The re- 
liability of the switch may include the reliability of the de- 
vice that detects the failure. Since the automatic system 
is a long series system of components, the first author felt 
the redundancy necessary. 

The total reliability of safety of a system of p cars trav- 
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SUCCESS IN OBSTACLE 
DETECTION AND SPEED 
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Fig. 13 — Hypothetical vehicle and 
road system 
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elling over v blocks of road, without independently con- 
sidering the influence of time, is given in Eq. 10. 


Rsafety (10) 
in Obstacle Detection 
and Speed Command 


Rgafety * Rsafety 
in Steering 


Rg afety 1 - (1-Rp)Q1 -R6E) RppRy)'x (11) 


in Steering 
, u/v 
1- 2 {f-0-noa-2g6 RRo1Ry)] Ri si) 
u/v\\u 
1 - Tarn - (1-R o2)(1-R 02) RRogRy)] RLeRpce 
Ul 
! ~ Roum) (-R @CHM) RRCHM ryt x 


1 : a-rp "hh {1 - (L-RP)A-R @ ra) H 
= {1 oq -Rp)(1-R @Fvkeo} xX 


R : 
Safety in 
Obstable Detection 
and Speed Command 


v Vv 
: = TeRoaI Lt R Rost} «fa -[1-R, 3] c1-ky]} x 


OZ © 
E a-RyJtt-R} M1 = [i =(-(L-Ropikvl)A \ 


Vv 


- [1-Roy 1[1-RG0}) Rott) x4} -[1-Ryi}(1-R eis 
r - [1-Rpca]l1-R Gpc3) ReecaRy]t a (12) 
{2 - [1-Ro2][1-R G09) RRog RyI} 3 x 

{3 - [1-Ryo][1-R G9) Ry x 

{2 - [1-Rpca][1-RGpc4) RRPC4 Ry} Pe 


a 
1 -[1-RegIl1-R@cQ) RyI x 
Lu 
1-[1-Ryutpllt-R(sMHTB) RRMHTB ey} 


The component reliabilities are, in general, functions of 
u, v, t the number of cars, the number of blocks, andtime, 
respectively. To process 1 cars over v blocks (without any 
failures) involves a total elapsed time for the road compon- 
ents and car components Th p) and T (v) ) tespec= 

Pef Car 

tively. Each particular component i will be subjected to 
some average stress,. S;, at some average rate of stressing, 
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Pi, for as many stress cycles Nj(u1, v) as can be completed 


in the elapsed time, T (u, v), for the road components, 
Road 


and T (v) for road the car components. Thus, when 
\2) 


er Car . 
we say that components of type i has reliability 1-10%, it 


is assumed that, if 10% such components of types i are each 
tested for Nj(u, v) cycles at Sj stress, there will be one 
failure. Nj(u, v) is the success number. 

The reliability distributions for components are not known 
Thus, a considerable amount of data must be collected, as 
described above, before true evaluation of system reliability 
can be made. However, as an indication of trend, it would 
be instructive to make the crude assumption that the relia - 
bilities of all components are equal to (1-€). ¢€ is a small 
number, say between 0.1 and 0.0. Thus, the smaller e, 
the higher is the reliability. Eq. 10 simplifies to Eq. 13. 
Also, since non-metal objects cannot be detected by the 
system, assume the reliability of an obstacle being metal 
to be 1.0. 


2 ga ba 
Rs afety =l-e T+ Sly t16y +p) - (13) 


Total System 


It is also of interest to know how reliable travel will be. 
on such an automatic road system. Since a driver will be 
stopped every time one of the first line set of components 
fails, the reliability of travel across the length of the auto- 
matic road is just the reliability of the first line set of com- 
ponents. The reliability of travel is given in Eq. 14 and in 
simplified form in Eq. 15. 


Rrravel z RrravelY H) Rtravel CD, (14) 
Cars Over Steering Obstacle Detection 
Blocks and Speed Command 


ees ne oa 
RERCHM Rp Roi Rui Rpci [1-(1-Rp)* I)" 2x 
Vv Vv V 27, 
ReRo3sRy3RMRy4|4--Ropi) 
Die Pf Po yt jul Ll 
Ro1RLiRpc3gRo2RLeRpc4Re RMHTB 


R (u,v) = 1 - [2+11,00]« (15) 
Travel 
The important difference between Eq. 13 and 15 is the 
power of the epsilon. The increased reliability caused by 
the additional € factor in Eq. 13 is apparent in Table 3. 
Eq. 16 gives the reliability of travel with no steps of one 
car over v blocks of road, if all component reliabilities are 
assumed equal: 


R =il. Vv) = RTY 
Se ) (16) 


No Stops 
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Table 3 - Table of Reliabilities of Travel and Safety 


v = 25,000 Blocks, 20 ft in Length, = 100 miles 


(All Reliabilities at 50% Confidence Level) 


Component Reliability 1-10-4 


€ of Components 10-4 


Reliability of travel Near 
with no stops per Zero* 
16. X109 cars 

(16X106 vehicle 

miles) Eq. 14 


Reliability of travel Low* 
with no stops/car 

(100 vehicle miles) 

(7 = 10) Eq. 18 


Reliability of travel Low* 
with at most 1 stop/ 
car (100 vehicle 
miles) (t = 10) 
EGemso) 

Reliability of Safety 1-1.02x10-1 
(16. X106 vehicle 

miles) Eq. 13 


Average No. of stops/ 25 
car (100 vehicle miles) 
(r = 10) Eq. 21 


T1086 1-107 1-10-9 

10-6 on? 10-9 

Low* 1-1. 95x1071 1.195x1073 
1788 1-2.5X1072 1-2.5x1074 
1-3, 121034 1-3, 12x10-4 1-3.12x1078 
1-1.02x1075 1-1.02x10-7 1-1.02x10-11 
25X1072 25X1073 : 25X107° 


*These reliabilities have not been computed, since the simplified expressions break down. 


en nn neces cs ccc eec eee 


where: 
T = number of components that may fail in a givenblock. 
Eq. 17 gives the reliability of travel with at most one 
stop of one car over v blocks of road if all component re- 
liabilities are assumed equal. 


Riyal, v) = RTY + rvRYT “1 (4 -R) (17) 
ravel 
at Most one 


stop 


Eqs. 16 and 17 become Eqs. 18 and 19, respectively, when 
simplified 


R (g=1, v) = 1- Tve (18) 
Travel 
no Stops 
R (uel, v) =1-  (rv-tye2 (19) 
Travel 2 


at Most One Stop 


Again the important difference to be observed between 
Eq. 18 and 19 is the power of epsilon. Notice this differ - 
ence in Table 3. Lastly, the average number of stops per 
car is given by Eq. 20, which simplifies to Eq. 21 when the 
Rg equal (1-e) 
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TV 
Average No. of Stops/Car = 2 (1-Rj) (20) 
i 
Average No. of Stops/Car = Tve (21) 


Thus, it becomes apparent that for component reliabil- 
ities as low as one failure in 10, 000 the reliability of safety 
for the 16, 000, 000 vehicle miles is high, but the reliability 
of travel is low by comparison. If the component reliability 
is increased, the reliability of travel is increased, and the 
reliability of safety goes up much faster. Although the fol- 
lowing table is only intended as a rough treatment of the re- 
liability problem, an interesting comparison statistic to the 
reliability figures in Table 3is the current reliability of 0.5 
(at the 50% confidence level) that a driver will stay alive 
after approximately 16, 000, 000 vehicle miles. (5) To be 
sure, the reliability listed on line 6 of the table does not im- 
ply that the entire 16,000, 000 vehicle miles were travelled. 
However, on the other hand, neither does it imply that. when 
the system fails, the driver is killed. The reliability of saf- 
ety is the reliability that all 160, 000 vehicles will be safe 
regardless of the distance any individual car travels without 
interruption on a possible 100 mile trip. 

The following statements can be made concerning reli- 
ability: 

1. A high reliability of safety can be achieved by using 
enough redundant components. 

2. If the system imposes a stop because one of the first 
line set of components has failed, a major difficulty will be 
the fairly frequent automatic stops the system causes, 

3. The obstacle detection system cannot at present de- 
tect nonmetallic objects. This deficiency may prove the 
most severe reliability limitation. 

Transition Problems - One of the most difficult problems 
with regard to automatic vehicle control is that associated 
with the transition from our present day manual system. This 
is a particularly difficult problem, as it is necessary to pro- 
vide some of the control equipment in both the highway and 
the vehicle. It is clearly not practical to either produce ve- 
hicles with automatic control systems or to provide roads e- 
quipped for this type of operation unless the other is also 
available. For this reason, it is necessary for us to consider 
the steps which might be taken to finally arrive at a com- 
pletely automatic system. Consideration of this problem has 
led to some fairly immediate possible steps in this direction. 
The following discussion will be concerned with two possible 
immediate uses for the guidance wire necessary in a com- 
pletely automatic system. 


Electro-Lane 


It is likely that electronic highways will evolve gradu- 
ally, and that many features of a fully automatic road will 
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appear first as driver-aids. Electro-Lane is one such device 
that is immediately applicable to present day roads. This 
driver aid is a warning device that informs the driver that 
his vehicle is within a predetermined distance from the edge 
of the lane or of the road on which he is driving. The pre- 
sentation to the driver is visual and/or aural and is intended 
to cause proper instinctive response. For example, a buz- 
zer located on the left side in the passenger compartment 
would be actuated if the vehicle were too near the left edge 
of the road or lane. A buzzer on the right side would warn 
against straying toward the right. Or, a single 2-tone buz- 
zer could be used for left-right discrimination. Electro- 
Lane appears to have the capability to reduce accidents caus- 
ed by vehicles that drift out of their proper lanes or off the 
road because of driver inattention resulting from drowsiness, 
or distractions. In addition, the driver of a vehicle could 
use Electro-Lane as an aid in driving near the edge of the 
toad at very low speeds during times of poor visibility. The 
device as discussed here is intended to be purely a driver 
aid and would not be necessary for the safe and normal op- 
eration of the vehicle. 

Electro-Lane works this way (see Fig. 14): A straight wire 
is installed along each edge of the road when it is desired 
to warn against straying toward either road edge. If it isde- 
sired to sense the edges of a lane rather than the edges of a 
road on a multi-lane road, it is necessary to install a wire 
in the center of the lane. In the former case a wire can 
simply be buried in shallow earth at each road edge; in the 
latter case the wire must be installed in the concrete. This 
can be done during the construction of new roads or, in the 
case of an existing road, by cutting a narrow slot with a 
standard diamond-blade power saw. Also possible is a 3- 
wire system for a 2-lane road: one at each edge and one 
between lanes. The system operation is identical for all of 
these configurations. 

The road wire carries a low frequency alternating current 
supplied by small oscillators buried at intervals along the 
road edge. The vehicle is equipped with a pair of electro- 
magnetic, ferrite-cored sensing coils mounted on the front 
bumper. Each coil has a voltage induced in it that is di- 
rectly proportional to the vehicle's deviation from the cen- 
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Fig. 14 — Schematic of Electro-Lane 
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Fig. 15 — Single phase transmission line 


ter of the road or lane. For the case in which a pair ofroad 
wires are used, one at each edge, the coil on either side is 
virtually unaffected by the opposite road wire, and the two 
sensing coils provide independent signals, one for each road 
edge. Operation in the case of a single road wire is similar 
in that the two sensing coils are mounted on the vehicle so 
that they straddle the lane-center road wire, and the signal 
in one increases while the signal in the other decreases for 
lateral vehicle motions. Hence, independent signals are 
again provided for each direction of deviation. 

The sensing coils are wired as respective inputs of a 2- 
channel transistorized amplifier located in the passenger 
compartment. The output of each channel is rectified and 
compared with a mercury-cell reference voltage. When this 
voltage overrides the reference voltage (corresponding to a 
certain input level and hence a certain lateral position on 
the road) an alarm is actuated through a transistor switch to 
indicate approach to the respective road or lane edge. 

Electro-Lane is attractive for present day usage because 
it is simple, rugged, reliable, inexpensive, and easy to in- 
stall. The device could be offered as hang-on rental equip- 
ment on tollways and turnpikes. In a study extending from 
May 1953 to December 1958 on the Will Rogers and Turner 
Turmpikes of Oklahoma in which 759 accidents were report- 
ed, the sleepy driver accidents were severe, accounting for 
42% of the fatal accidents. The high number of accidents 
attributed to vehicles wandering out oftheir proper road lanes 
is evidence that Electro-Lane has great potential as a safety 
device. 

In addition, Electro-Lane would be useful in alerting a 
driver to any situation requiring special attention such as: 
an exit, toll gate, or very sharp curve. This would be ac- 
complished by crisscrossing the road wire across the lane re- 
sulting in simultaneous actuation of both edge-indicators. 
While not providing specific information like Hy-Com (to 
be discussed), this may be a relatively inexpensive way to 
provide such warning and to increase the usefulness of Elec- 
tro-Lane. 


Electro Lane System Requirements - Road Equipment - 


The Electro-Lane road equipment consists of a road wire and 
low frequency oscillators buried at intervals along the road- 
side. Use of an audio-frequency (2000 cps in GM prototype) 
lessens the transmission line problem (discussed in detail be- 
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low) if it is desired to control a rather long section of road 
with each oscillator. A transistorized oscillator with good 
frequency stability and relatively low power output is all 
that is required. For example, the road wire installed inthe 
Check Road of GM Technical Center for automobile guid- 
ance is suitable for Electro-Lane usage. This wire is approx- 
imately 2.6 miles long, or 1.3 miles on a loop basis: the 
wire and its return in the two adjacent lanes. This line is 
supplied by a single oscillator with a total power dissipation 
in the wire of less than 3 w. Even lower power requirements 
are possible by using a larger road wire or by increasing the 
sensitivity of the vehicle receiving equipment. In an actual 
installation the roadside oscillators could operate from bat- 
teries floated on an ac power line. 

The incompatible requirements of relatively high frequen- 
cies for high induced voltage in the sensing coils, and rel- 
atively low frequencies to avoid attenuation along the road 
wire requires the use of transmission line theory for a good 
compromise. Also involved is the selection of road length 
to be driven by each oscillator. Longer lengths provide ef- 
ficient use of oscillators on the one hand, and the loss of 
larger parts of the system in the event of failure on the 
other. The goal is a flat line from a current standpoint; that 
is, it is desired to have the same rms value of ac current 
flowing in the line at every point along the road to provide 
a constant system sensitivity. The considerations in this 
regard for Electro-Lane are applicable to the design of a 
guidance wire for automatic car control. Fig. 15 shows a 
single phase ac transmission line with a shorted receiving 
end. 

Where Vgz and I, are the phasor voltage and current at 
the sending end and Vp and Ip aré the phasor voltage and 
current at the receiving end, the length of the line is 4 and 
the distance between the two parallel conductors is D. The 
following is standard nomenclature: 


' 


Series impedance per unit length 

Shunt admittance per unit length 

z4 Total series impedance (22) 
yt Total shunt admittance 

Zo = Vz/y = Characteristic impedance 


wNSN 
Haan 


r =Y yZ = Propagation constant 

Vs = Vp cosh yt + IpZe sinh yt (23) 

Is = Ip cosh y£ + Vp/Zc sinh y£ (24) 
For Vp = 0 

Is = Ip cosh yt (25) 


Eq. 25 shows that the sending current and receiving cur- 
rent ratio is the hyperbolic cosine of the complex argument 


yt. 
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If R, L, C are respectively the resistance, inductance, 
and capacitance per unit length of the line, then 


yt = 4V(R+jwL) jwC yt = w(res) VS ge RS 


wil, 
(26) 


The inductance and capacitance of a single phase line 
are given by 


D mh 

= eae 27 
iinueiiegs 0.7788r loop mile (27) 

0.0194 f 

log D mile 

I 
Therefore 
Tene aslo iosi. wdcere ic ee 


0.108 
= 1076 anak at 


log ms 


Since D>>r in usual cases, the second term under the 
radical] contributes little and 


VLC = 5.36x 10-6 


then Eq. 26 becomes 


Vt. =1(33827.x:1075) eV -14j is (29) 


WL 


Then for the case being considered 


(se R 
Is = Ip sas i x 1076 £4 V-1+j v1) (30) 


wL 


Charts have been prepared (7) for the cosh rf. Since 
cosh rf is a complex quantity, the charts present the real 
and imaginary parts separately. Frequency is set at 60 cps 
and the two values are plotted against line length withR/wL 
as a parameter. Inspection of Eq. 30 shows that since ft 
occurs as a product, these charts can be used at other fre- 
quencies by simple rescaling. The charts show that for 
ff = 6000 cycles/miles, and R/wL = 0.4, Real [cosh y2] 
= 0.98, imaginary Imag [cosh r ] = 0.01. 

Hence 


Cosh yt = 0.98 + j 0.01 (31) 


Eq. 26 shows that the line would be flat within 2% for f = 
2000 cps, £ < 3 miles, and shorted end. This is the design 


H. M. MORRISON et al. 


SLOPE AT POINT B 


SLOPE AT 
POINT A 


AC VOLTAGE FROM 
SENSING COIL 


ROAD WIRE 


=| DISTANCE a 


Fig. 16 — Sensing coil discriminator curve 
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Fig. 17 — Sensing coil schematic 


of the Prototype Electro-Lane. 

If it were desired to use a single oscillator for more than 
3 miles of road and to maintain a line flat within 2%, the 
frequency would have to be proportionately lowered to keep 
the f£ product essentially constant since R/wL is not a sen- 
sitive parameter. Hence, wire size can be determined as 
a compromise between power dissipation on the one hand and 
ease of installation and initial cost on the other, without pri- 
mary regard for the value of R/wL. 

The variation of resistance with frequency by skin effect 
has not been mentioned. Skin effect depends on frequency, 
conductor size, and permeability. For the cases discussed 
here, its value has been measured empirically. 

Automobile Equipment Design - The vehicle portion of 
Electro-Lane is made up of three parts: 

1. Sensing coils. 

2. Amplifier. 

3. Warning lights and/or buzzers. 

The electromagnetic pickup coil-sensing coil, considered 
here, is rather straightforward. High-Q ferrite material is 
used as a core to obtain a high voltage output. Layer wind- 
ing is permissible because of the low frequencies involved. 
The coil is tuned to the frequency of the road-wire current. 
Fig. 16 shows the general shape of the voltage versus posi- 
tion curve for such a coil. 

The sensing coil is mounted on the vehicle relative to 
the wire so that the operation of interest occurs in the lin- 
ear region near point A or point B. 

Discussion of the dynamics of the pickup coil as a trans- 
ducer is more important for automatic guidance work than 
for the Electro-Lane application. Nevertheless, a short dis- 
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cussion here is appropriate. 

Fig. 17 is a schematic diagram of the pickup coil togeth- 
er with the input impedance R of the following device. 

E; = induced emf 

Ry, = coil resistance 

L coil inductance 

C = total capacity consisting of the tuning capacitor, 
stray capacity, and any input capacity of the following de- 
vice. 

The transfer function is 


xt fis 
EQ _ Rea Ri 
FD 7 ROM RRLG AL (32) 
ae Se Gal | — = ae | hcl 
Ri Ry. Rey 


The direct inverse of which is, of course, the impulse 
response of the coil. It is a good approximation thatR>>R; 
hence, Eq. 32 becomes 


E il 
Ot eee Se Set (33) 
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Hence, for this transducer 


\/ 1 
Natural Frequency = wy = ic (34) 
RRC + L 
Damping Ratio = — = ————_ (35) 
2R LC 


From which the time constant of the complex root pair is 
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Ss 36 
RR, C + L ( ) 


T 


WN 


E 
Band Width = for &2 << 1.0 (37) 


The relations given in Eqs. 33-37 describe the dynamics 
of a particular sensing coil when values are inserted for the 
parameters. Hence, the determination of the type of wire 
and the number of turns used is dependent in part on these 
considerations as well as on the output voltage desired for a 
certain road field strength. 

Since Electro-Lane is an amplitude system, system drifts 
must be avoided. Also, the sensing coils are tuned and, 
therefore, have high output impedances. Hence, each am- 
plifier channel must meet these requirements: 

1. High input impedance. 

2. Stable gain value. 

3. Small size and ruggedness. 

Transistors are chosen on the basis of item (3), and items 
(1) and (2) must be taken care of with proper circuitry de- 
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Fig. 18 — Wire installation in check road 


sign. One solution is as follows: A 2-stage transistorized 
buffer amplifier can be designed to have a gain value de- 
pendent only on resistor values in the circuitry and a high 
input impedance through use of positive feedback. The out- 
put is fed to an emitter follower then to a transformer for 
isolation. The transformer output is rectified and the filter- 
ed de is compared with a mercury-cell reference level. 
When the signal level exceeds that of the reference by a 
small amount, the difference drives a 2-stage transistor 
switch into saturation, operating a relay which energizes a 
light and/or buzzer alarm as previously described. Thus, 
each channel of the 2-channel amplifier has five low power 
transistors, one reference cell, a small relay and associated 
components. It is possible to eliminate the need for a ref- 
erence cell by utilizing a regulated portion of the 12 vdc 
system voltage as reference. The total amplifier package 
is quite small, and, in fact, could be made in miniature for 
large-scale production. It operates from vehicle system 
voltage (usually 12 vdc). 

The lights and/or buzzers are standard components oper- 
ating on vehicle system voltage. 

Prototype Electro-Lane - A prototype Electro-Lane has 
been designed, built, and tested by GM Research Labora - 
tories with full success. GM Technical Center Check Road 
is a 2-way test track over a mile in length as shown in Fig. 
Mok 

A single wire loop has been installed in this track, one 
wire in the center of each of the adjacent lanes. This wire 
can be utilized for both automatic car control and for Elec- 
tro-Lane. The approximate parameters of this line are 


Roxc = 67.0 ohms 
15 = Wi SE sian. (38) 


These are total values for the whole line and are empiri- 
cal, Conductance is neglected and calculation shows that 


C = 0.001 mfd./1000 ft (39) 


in the parallel section of the line if a dielectric constant of 
unity is assumed. Hence, series tuning the line with 


Crune = 0.085 mfd. (40) 
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Fig. 19 — Sensing calibration curves 


The requirements for automatic car control are approxi- 
mately the same. 

The vehicle equipment of Electro-Lane is designed to fit 
the requirements as outlined above. Fig. 19 is a set of sens- 
ing calibration curves. Fig. 20 is a photograph of the sens- 
ing coils and the dual-channel amplifier package. It is im- 
portant to note that this is a prototype model; no particular 
attention has been paid to size. A great reduction in size 
is surely possible. A table-top display of Electro-Lane is 
shown in Fig. 21. 


Hy-Com 


Another recent development, this one directed toward 
increasing the safety and comfort of automobile travel on 
the highway today, is Hy-Com. (8,9) It is a system which 
brings into the vehicle a voice message concerning the road 
conditions ahead. Hy-Com ushers in a tlew concept inroad- 
side-to-vehicle communications, offering great advantages 
over other means of disseminating information, particularly 
under conditions of darkness and inclement weather. It is 
complementary to road signs and other visual aids, andshould 
supplement rather than replace them. 

The basic elements of Hy-Com, Fig. 22, consist of a 
low powered transmitter driving a suitable antenna system 
which establishes an amplitude modulated magnetic induc - 
tion field across the adjacent road, and a special receiver 
in each vehicle to detect the signal and convert it into an 
Fig. 21 — Table-top display of Electro-Lane audible message. This system is proposed to operate in the 
10-14 kc band which is a region conducive to induction 
transmission and virtually free of any other activity. 

For emergency installations ferrite rod-type transmitting 


makes the line appear as a pure resistance of 67.1 2 value antennas such as illustrated are most suitable because they 
at 2 kc. For Electro-Lane, approximately 200 ma of wire can be set up quickly. Portable transistorized transmitters 
current is sufficient. Therefore can be powered by storage batteries since less than 25 w of 


, power is required. They can be placed alongside the road. 
Pp = (0.200)¢ (67.0) = 2. 68 watts (41) The message can be either taped on a message repeater, or 
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a patrolman can direct traffic using a live microphone. For 
a permanent installation, such as to announce a freeway exit 
distance, a single wire loop antenna would be more suitable. 
This type of antenna not only provides a more uniform mes- 
sage field but can be conveniently buried a foot beneath the 
shoulder surface. The electronics can be placed in a con- 
crete bunker and can also be buried alongside the road. Pow- 
er could be brought in from nearby power lines and modula- 
tion again effected by a tape repeater. Or, it can originate 
at a remote location and be brought in via existing tele- 
phone lines. 

A block diagram of the transmitter developed by our 
laboratory is shown in Fig. 23. Other than the unusually low 
carrier frequency, it does not differ from transmitters used 
in other services. Modulation is effected at the lowest car- 
rier level, the 9 ke oscillator delivering 8.5 microwatts of 
power to the modulator. The signal undergoes an additional 
65 db amplification in the subsequent amplifier, driver, and 
output stages to provide the necessary power for the message 
field. Thermisters in the base biasing networks enable the 
all-germanium transistorized transmitter to be stabilized 
over the temperature range from -20 to +120 F. 

Operation of the receiver is automatic once the ignition 
is turned on. Normally it would operate in conjunction with 
the standard car radio, sharing the transistorized power out- 
put circuit and speaker. If the standard broadcast radio is 
on it will be heard until such time as the vehicle enters a 
message field. Immediately the standard broadcast is muted 
and the Hy-Com message is heard. If the standard broad- 
cast receiver is not on, then the Hy-Com receiver powers 
the output circuit so that the safety message can be heard. 
Upon passing out of the message field both receivers revert 
back to their initial conditions. 

The design of the experimental Hy-Com receiver departs 
considerably from that of standard receiver design practice, 
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Fig. 23a — Hy-Com transmitter 
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as can be seen from the block diagram of Fig. 23. Selec- 
tivity is effected only at the antenna, and this is necessarily 
slight due to the low carrier frequency. A 15 ke low-pass 
amplifier with a maximum gain of 66 db follows, the gain 
being controlled over a dynamic range of 30 db by the AVC 
circuit. Hy-Com message audio is separated from the car- 
rier by the 1.5 kc low-pass amplifier. The automatic mut- 
ing and signal selection functions are attributed to the mes- 
sage control circuit. Stability of operation over the temper- 
ature range from -30 to +140 F is assured through the use of 
thermistors in the base circuits of the all transistor receiver. 

The outstanding feature of Hy-Com, and what makes it 
so attractive and practical, is the use of a magnetic induc- 
tion link between the transmitter and receiver, rather than 
radiation as in standard radio broadcasts. An induction field 
is easily contained and the extent of coverage can be de- 
fined with almost the same precision as painting the limits 
on the pavement. The obvious advantage is that the appro- 
priate messages only are heard by passing motorists. Also, 
interference to other services, as well as between adjacent 
Hy-Com transmitters, is avoided. It is thus possible to op- 
erate all Hy-Coms on one and the ‘same frequency channel. 
Reliability is thereby improved and greater economy achiev- 
ed since only fixed tuned transmitters and receivers are nec- 
essary. The greatest advantage of single frequency opera- 
tion, however, is that the receivers are always ready to de- 
liver a Hy-Com message without the need to tune in. 

Two examples of the application of Hy-Com are illus- 
trated in Figs. 24 and25. Although the weather and dark- 
ness renders the local speed limit sign practically illegible 
in the first of these figures the Hy-Com version of the ident- 
ical message is received with instant clarity. The second 
figure illustrates a condition that prevails frequently on our 
highways: the driver's vision is obscured by the vehicle of 
a passing motorist or by one being passed. A Hy-Com in- 
stallation would deliver the information in spiteof the visual 
obstruction. 
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Fig. 25 — Application of Hy-Com 


Conclusion 


Although many problems, both technical and nontechni- 
cal, must be solved before reliable automatic highways can 
come into general use, the Auto-Control System does illus- 
trate one potentially useable concept. The division of e- 
quipment between car and road seems most practical and 
limitation to operation on controlled access roads permits 
retention of reasonable simplicity. 

For the immediate future it is possible to utilize a wire 
in the center of each lane, both for communication to mov- 
ing cars and in connection with a path error warning system. 
While retaining driver control, Electro-Lane can provide a 
warning to the inattentive operator and help prevent some 
of the large number of single car accidents. Hy-Com can 
make driving simpler and safer by providing audible:speed, 
traffic, and emergency messages to the driver. This system 
has been further developed by GM Delco Radio Division. Its 
practicality is attested to by the fact th~t one complete in- 
stallation has been in use since September of 1959. Thecity 
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of Flint, Michigan has installed Hy-Com-in a city-operated 
driver training grounds for effecting communications be- 
tween the instructor and students in 20 automobiles used 
in training. Two additional test installations are being 
used in training. Two additional test installations are being 
considered by highway authorities. One on a three milesec- 
tion of the John Lodge-Edsel Ford Expressway in Detroit and 
the other on a research highway operated by the Ohio State 
Highway Department. 

Both Hy-Com and Electro-Lane are particularly appeal - 
ing for use by toll facilities since they could be readily at- 
tached to vehicles using this facility, and can provide road 
information and path error warning with only a modest 
amount of road installed equipment. 
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Appendix A 


A set of definitions of the reliability terms follows: 


Rg = reliability of Edison power. 

RsE = reliability of switching to reserve power. 

Rrp = reliability of reserve power. 

Rv = reliability of obtaining speed command zero, 
Rol = reliability per block of steering signal oscillator, 


= reliability per block of switching to reserve steer- 
ing signal oscillator. 

Rrol = reliability per block of reserve steering signal 
oscillator. 
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RM 
Rop1 
SOD 1 


ROD2 


reliability per block of obtaining speed command 
zero. 
reliability per block of steering wire (criss-crossed 
wire), 


= reliability per car pick-up coils for steering. 


reliability per car of switching to a secondary 
steering signal, 

reliability per block of speed command signal 
oscillator. 

reliability per block of switching to the reserve 
speed command signal oscillator. 

reliability per block of reserve speed command 
signal oscillator. 

reliability per car of the steering computer, hy- 
draulics system and servo valve. 

reliability per car of switching to reserve steering 
computer, hydraulics and servo valve, 
reliability per car of reserve steering computer, 
hydraulics and servo valve, 

reliability per car of steering bar linkage to front 
wheels, 

reliability per car of front tires. 

reliability per block of the obstacle primary os- 
cillator. 

reliability per block of switching to the reserve 
obstacle primary oscillator. 

reliability per block of the reserve obstacle pri- 
mary oscillator. 

reliability per block of the obstacle loop of wire. 
reliability per block of switching to speed com- 
mand Zero, 

reliability per car of pickup coils for speed com- 
mand, 

reliability per block of speed command wire. 
reliability per car of obtaining speed command 
Zero. 

reliability block of switching to speed command 
Zero, 


= reliability per block of secondary loops of wire. 


reliability per block of switching to speed com- 
mand zero, 

reliability per block of the obstacle being metal. 
reliability per block of obstacle detector. 
reliability per block of switching to speed com- 
mand zero, 

reliability per block of obstacle detector in par- 
allel with OD1. 

reliability per block of switching to speed com- 
mand zero. 

reliability per car of speed measurement pick-up 
coil. 

reliability per car of switching to speed command 
zero, 

reliability per car of the reserve speed measure~ 
ment pick-up coils. 


49 
RpC4 = reliability per car of speed command pick-up 
coils. 
Pc4) = reliability per car of switching to speed com- 
mand zero, 
Rrpc4 = reliability per car of the reserve pick-up coils 
for speed command, 
Reg = reliability per car of speed computer. 
R6C2) = reliability per car of switch to the reserve speed 
computer, 
Rec2 = = reliability per car of reserve speed computer, 


RMHTB = feliability per car of servo valve, hydraulics 
throttle and brakes assembly. 
REMHTB)= reliability per car of switching to the speed com- 
mand zero. 
RRMHTB = reliability per car of the reserve servo valve, hy- 
draulics, throttle and braking assembly. 
reliability per car of switching to speed command 
Zero, 
= number of blocks 
= number of cars 
next higher integer in the fraction 
Vehicle Length = Lv 
Obstacle Detector Length 
for individual obstacle detection in the length, 
LOD, not obstacle detection with paired second- 
aries both in road, 
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Discussion 


Practical Application 
of Driver Aids 


Alger F. Malo 
Department of Street 
& Traffic, Detroit 


RESEARCH concerning automatic highway systems cannot 
help but eventually lead to better and safer transportation 
facilities. My comments will be restricted to the practical 
application of these systems or devices on existing or future 
highways. I appreciate the fact, as stated in the conclu- 
sion, that many problems need be solved before reliable au- 
tomatic highways can be obtained but am confident that some 
day such facilities will become a reality. 

There is little doubt that if these systems were in use to- 
day our highways would be carrying larger volumes of traffic 
with less accidents and loss of life. Some of our traffic en- 
gineers would realize the solution to some of their problems. 
Typical of these are the ones encountered on facilities such 
as the New Jersey Turnpike where they point to their major 
problem as maintenance of capacity, rear-end collisions, 
low visibility, and snow conditions. They stress the need 
for devices to detect impending congestion, and the need 
for warning devices as a means of reducing if not eliminat- 
ing rear-end collisions. The Auto-Control System with its 
features of guidance, speed control, obstacle detection, and 
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warning lights would solve most of these problems. 

In recent years, there has been an increasing number of 
single car accidents which are reported as "running offroad" 
or “hitting fixed object". Electro-Lane could minimize this 
type of accident besides making driving more convenient 
and safer for the average driver. This system could easily 
be installed on any new or existing highway. It appears also 
that the car equipment would be an inexpensive accessory 
that could easily be installed. This system has possibilities 
for immediate application. Some Highway departments have 
adopted a policy of painting the edge of pavements; other 
departments have refrained from adding this safety device 
because of the expense involved. Paint is a continuous item 
of expense, and possibly the initial installation of the wire 
used in the Electro-Lane system may be cheaper and even- 
tually more effective. Certainly dirt and snow would not 
obliterate its effect as it does the painted line, and it would 
not have to be replaced every year as does paint. 

Hy-Com has all manner of interesting possibilities. The 
applications suggested by the authors are all possible and 
would add to the safety and convenience of present day driv- 
ing. This device may eventually be the answer to one of 
the problems encountered in the operation of Detroit's ex- 
pressways, namely, the warning of drivers approaching a 
stoppage of some kind. The lack of warning has resulted 
quite often in chain-reaction accidents. 

Many miles of highway have been completed and many 
more are under construction. Unfortunately, many of the 
operational problems of today's highways will be encounter- 
ed in those completed tomorrow. The traffic engineer is 
looking for any type of device that will increase capacity 
and create greater safety on streets and highways. I believe 
that any immediate help must come from hardware added 
to the vehicle which will operate independently of any high- 
way installation, or, devices added to the highway which 
will operate independent of the vehicle; unless, of course, 
the automobile manufacturer and the highway and traffic 
engineers can team up and integrate the highway and the 
vehicle which uses it into a single transportation facility. 
The start could be made by such a system as Electro-Lane 
which if installed in the highway would be of aid to those 
who installed the device in the vehicle and would not affect 
the operation of the unequipped vehicle, It would simply 
be a driver aid as is power brakes or powersteering, but would 
represent an example of closer coordination between the ve- 
hicle and the highway. 

Traffic authorities have recognized the fact that the high 
way itself is lacking in control devices which may provide 
greater capacity and safety. The proposed research project 
planned for a 3-1/2 mile section of John Lodge Expressway 
is an effort to discover better methods of operating such a 
facility. Daily volumes of 130,000 to 140,000 vehicles a 
day for six lanes with peak-hour volumes as high as 2000 
vehicles per hr. per lane have posed operating problems dif- 
ficult to solve. Such high volumes result in slowdowns and 
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stoppages. Means of locating immediately these slowdowns 


or stoppages are needed, and means are needed to warn driv- 
ers so that they may adjust their driving to conditions ahead. 
It may be necessary to close lanes, divert traffic from the 
facility or close access ramps. The project will employ a 
14 camera television system as a means of surveillance and 
will include signals over the expressway lanes and on the ac~- 
cess and egress ramps for traffic control. Information re- 
garding conditions would be fed to the local radio stations 
who would relay it to the driver of the vehicle over stand- 
ard broadcast facilities. (At present the police dispatcher 
is connected to all local radiostations by a Conference line.) 
This additional warning or information might eventually be 
incorporated in the system by means of Hy-Com or similar 
device. 

I am confident, in spite of the pessimism expressed by 
many regarding the future of highway transportation, espe- 
cially in our urban areas, that our highways will always be 
capable of satisfying the demands of traffic. However, in 
closing this brief discussion, I would like to stress the fact 
there is need for closer cooperation between the automobile 
manufacturer and the highway and traffic engineer. Such 
cooperation would result in attaining better and safer high- 
ways more rapidly. Perhaps an Illinois Test Road is needed 
for highway design and traffic operation. We are hopeful 
that our television research project will point the way toim- 
prove operating conditions on urban expressways, 


Author’s Closure to Discussion by Malo 


IT HAD NOT occurred to us thatit might be cheaper to in- 
stall a wire in the middle of the road or at the edge of the 
toad, than it would be to continually paint the white line. 
As a matter of interest, however, we have had highway 
people interested in laying a wire in the road which could 
be used for guidance of a high speed paint truck for painting 
the white lines, Their assumption was that the savings due 
to the increased speed of the paint truck would shortly pay 
for the guidance installation. 

We agree that the driver needs more and better informa- 
tion than he now has, With this additional information, we 
can expect greater safety and higher human driver road ca- 
pacities, 

We also feel the need of closer cooperation between the 
automotive manufacturers and the traffic and highway en- 
gineers. Without this cooperation many good highway im- 
provements may die in the initial hardware stages for lack 
of a driver testing. Hy-Com, for instance, presents a par- 
ticularly difficult problem, since road administrators will 
not buy one transmitter for highway installation until there 
are receivers in the cars, and vice versa. Thus, one faces 
the old problem of which comes first the “chicken or the egg", 
Certainly an Illinois Test Road type facility would be ideal 
for controlled testing of new ideas, On the other hand, we 
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feel that the creation of the experimental test section on the 
John Lodge, in which people are invited to bring new ideas 
for testing, will answer more of the immediate problems. 


Should Automatic 
Aids be Utilized? 


John Versace 
Chrysler Corp. 


THE AUTHORS should be congratulated for at least three 
areas of accomplishment: First 

1. The great emphasis placed on the systems approach 
to the man-car-highway complex. Certain systems require- 
ments or criteria were shown, and then an automatic sys- 
tem was derived to meet the objectives. This procedure has 
become conventional in the design of military systems, but 
is not commonly seen elsewhere. There is, however, ama- 
jor reservation to this approach if it does not allow for evo- 
lution as technology grows. 

2. The thorough reliability analysis described in the 
paper. 

3. The compactness and minimum system cost achieved 
by the appropriate distribution of equipment between car and 
highway, which was done by introducing a highway block 
system for obstacle and speed control thus eliminating ap- 
paratus, such as radar, which would be needed in the car 
itself to perform these functions continuously rather than dis- 
cretely. 

There are a number of questions that must be faced in 
considering a system like this. A method for building one 
kind of automatic highway has been described. Why should 
such a system be built? Ordinarily, this would be a matter 
for sociologists, economists, lawyers, political scientists, 
and legislators, but since the matter is pertinent, a fewcom- 
ments should be made on it. 

In the introduction to the paper it was stated that we want 
to reduce driver effort and improve comfort, reduce driver 
error and hence increase safety, and increase highway ca- 
pacity by eliminating driver lags, These goals can be sum- 
marized as: convenience, safety, efficiency -- and to these 
should be added cost economy. This latter is a most perti- 
nent consideration, and the other goals can ultimately be 
related, at least in principle, to what one wants to pay for 
them. 

Let us consider transportation systems: The train is more 
convenient en route but takes longer, and local transporta- 
tion will be needed which is available on whim, and ade- 
quate to carry all the cargo. Airplane travel has its advan- 
tages, but one must ask if the time saving and travel con- 
venience is worth the extra cost. Thus, one decides to drive, 
if he wanted more safety and convenience, he would have 
it by paying for it. He would fly or take a train and then 
rent a car at the other end. 

He would have to pay for automatic highways, too, The 
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general public might be willing to pay $500 to equip each 
car. But if 2/3 of all cars were so equipped, it would be 
possible to build some 21,000 miles of super highway at 
$1, 000, 000 per mile with this money alone, which would 
pay taxes for highway installation and, especially, main- 
tenance, 

The number of people killed in a recent year on 400 miles 
of New York Throughway was just 33. A hundred such high- 
ways, with completely automatic provisions and perfect re- 
liability thus would save about 3300 lives a year, or about 
8% of the total traffic deaths, as the result of the automatic 
feature. The rural average toll is 8.5 deaths per 108 miles, 
but the New York Throughway has a rate of only 1, 9 deaths, 
Thus, the the superhighway feature can be expected to ac- 
count for about 75% of the total improvement that would be 
obtained by going to automatic superhighways of 100% ef- 
fectiveness, It would seem that with a finite money resource 
available, one should consider carefully its allocation. 

There are other improvements that can increase safety 
and comfort. These, I believe, are principally those that 
will make the driving task simpler, and less uncertain, by 
providing the driver with more unambiguous information, 
such as anticipatory information about other drivers’ inten- 
tions. Tremendous improvement can still be made in high- 
way signing and geometry to improve perception of the road 
ahead. 

This is not to denigrate the efforts described by the authors 
for progress requires that there be constant imaginative, ex- 
ploratory development and test of such ideas. Of course, 
recognition has been given the issues posed here, for transi- 
tional, evolutionary compromises, like Electro-Lane and Hy- 
Com have been developed and are ohviously showing some 
promise within their own limited area of performance. 


Author’s Closure to Discussion by Versace 


THE FOURTH goal for an automatic highway, cost economy, 
added by Mr. Versace, is, indeed, required before one could 
actually decide to build an automatic highway. By making 
several assumptions, Mr. Versace does make an important 
point; namely, that it is possible that a large proportion of 
the potential savings in lives that could occur through the 
installation of limited access automatic highways can be ob- 
tained by just installing limited-access highways alone. 

However, we believe that there are certain features in 
addition to safety that might accrue to the drviers of an au- 
tomatic highway. These are increased capacity of the high- 
way and the convenience of being driven automatically. It 
is quite true that the value of the service received (improved 
safety, increased road usage, and automatic operation) would 
have to more than equal the cost of these services in order 
to make an automatic highway appear attractive. 
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Additional Points 
Concerning the 
Method of Approach 


H. S. Mika 
Ford Motor Co. 


IT HAS BEEN rather conclusively shown that the state of de- 
velopment in the electronics and control field is such that 
sucessful hardware can be built. True, there is some ques- 
tion of reliability, economic feasibility, and driver accept- 
ance, but the important thing is to start somewhere and this 
the authors have done very capably. 

I think it is picayune to discuss the details of the hard- 
ware and nothing would be gained. I would rather cunfine 
my comments to the philosophy of approach. If time had 
permitted the author's might have brought up the following 
points. 

1, Any automatic system whether it is a process or amis 
sile or an automobile is primarily dependent on the dynamic 
characteristics of each component in this system. Inthe case 
of a vehicle this is usually called the handling and stability 
and depends on such things as tire characteristics, suspen- 
sion, weight distribution, and many other variables. Any 
automatic control of the vehicle must be matched into the 
handling and stability characteristics of the vehicle or else 
the net result is either a sluggish system or one that will hunt 
continuously, At 60 mph an optimum match is necessary. 
This has the implication that the electro-hydraulic control- 
ler must have fairly wide limits of adjustment to permit tun- 
ing in to any vehicle, This tuning would have to be done 
by control experts and once it was done for a given vehicle 
there is no reason to expect this optimum match would last 
indefinitely. For instance, if for some reason the tire pres- 
sure changed by a few psi, a rather large change in vehicle 
steering response would ensue. In other words an adaptive 
controller is indicated, and this is a somewhat nebulous thing 
in present control theory application. A somewhat less de- 
sirable approach would be to standardize the vehicle dynam- 
ic characteristics, 

2, The author points out the need for throttle and brake 
control, This may very well imply the additional cost of 
a full power hydraulic system for braking and the develop- 
ment of disc brakes, 

3, Another system parameter is the minimum allowable 
deceleration limit on vehicles, This implies very close in- 
spection and enforcement. The difficulties that this might 
cause are well known. The burden would be on the police 
and the driver to a much greater degree than at present. 

4, The paper discusses primarily the steady-state con- 
dition on a highway. Vehicles have to enter and leave lanes 
such as are proposed and this raises the very considerable prob- 
lem of entrance acceleration and exit deceleration space. An 
entirely new ramp design approach would be necessary. Cer 
tainly, either left or right exits, but not both, would have 
to be used. Interchanges such as are common at present 
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would not be readily adapted to automatic control lanes. 
The reason for this is that manual vehicles would have to use 
the same exits and interchanges, The result would be the 
entrance of a manual vehicle on an automatic lane at the 
driver's discretion. Mere signal lights will not deter the ea- 
ger driver as is well known. The least that could happen in 
this case is an automatic stopping of all vehicles on the au- 
tomatic lane and in most cases, needlessly. I think the an- 
swer lies in the two traffic systems being entirely independent 
with no possibility of mutual usage. 

5. As far as Figs, 6 and 7 are concerned, I would like 
to point out that actual experimental data exist on driver 
spacing and highway capacity. In some work that was done 
on the Ford-Lodge Expressway, it was determined that the 
spacings for the normal driver are considerably lower than 
shown. For instance, at a speed of about 40 mph (58. 7 ft/ 
sec) the modal, most frequent, spacing between drivers was 
82 ft as contrasted to the 109 ft in the figure. Further, it 
was found that about 8.5% of drivers used a spacing of 41 ft 
or less and about 1% used a spacing of about 29 ft. All this 
adds up to a higher real capacity than indicated in Fig. 7. 
For the highest capacity measured, 2200 vehicles per hr, a 
14% higher capacity existed than indicated on the figure. 

In conclusion, I would like to repeat that the important 
thing is that something has been started and actually hard- 
warized. The answers to the points I have raised will be an- 
swered eventually through trial and error. This is a com- 
plex problem and progress will be slow. The authors should 
be congratulated on getting the ball rolling. 


Author’s Closure to Discussion by Mika 


SEVERAL of Mr. Mika's points shall be discussed. it is true 
that changing the tire pressure, suspension, tire character- 
istics or weight distribution will change vehicle handling 
characteristics. However, smail changes in these parame- 
ters would probably induce small changes in vehicle's handl- 
ing characteristics not large changes. Take the example to 
which Mr. Mika referred, namely, the small change in tire 
pressure. If one increased the tire pressure from 24 psi to 
29 psi, that is 21% increase, about a 15% increase in corner- 
ing stiffness would result. Take tie worse case in whichonly 
the front wheels had undergone this 5 psi change in tire pres- 
sure, For a typical car at 30 mph at most a 12% increase 
in the steady-state yaw rate would result. The transient re- 
spone would be slightly over damped, the settling time (the 
time required for the yaw rate to reach and stay within 5% 
of its final value) having increased 7.5%, If all four tires 
had their pressure increased, the resulting increase in steady- 
state yaw rate for the 30 mph typical car would be less than 
1, 2%, Again the transient response would stay nearly cri- 
tically damped, the settling time having decreased by 7. 5%, 
Certainly in this case the changes in vehicle response are 
small, not large. 

Furthermore, a feedback setvo-system, which is what is 
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used in the automatic guidance system, does tend to wash 
out the influence of small changes in the car parameters so 
that these changes do not make an appreciable difference 
in the car steering performance, 

There is a fairly large, known change in car handling re- 
sponse possible with car velocity. This change in response 
can be compensated for in the servo-controller. The full 
scale steering system seems reasonable to us, and it is not 
felt that a constant check on the system is necessary. 

One would use an adaptive system when the dynamics of 
the variable being controlled are unknown or the variations 
in the variable being controlled are large. The adaptive 
servo concept might come into play for the blow-out con- 
dition. Although the response of our present steering system 
to a blow out has not yet been tested, it may prove to the 
adequate. The natural frequency of our present steering sys- 
tem is above 7 cps. This is undoubtedly a better response 
than that of the human. Furthermore, our steering system 


53 


is always alert for a rapid change. It is not distracted by 
say, the blonde in the front seat. On the other hand, the 
driver has more steering information in the case of a blow- 
out than does the servo guidance system. We do feel that 
it is within the realm of present technology to provide addi- 
tional information to the steering system, if this informa- 
tion is needed to handle the blow-out condition. 

The information used for the maximum capacity versus 
velocity that the normal driver can attain was admittedly 
old, having been taken from the "Highway Capacity Man- 
ual", published in 1950, It was the high caliber of Mr. 
Mika's recent study of car spacing on the Detroit Express- 
ways that induced me to ask him for criticism, It appears 
that normal driver capacity is about 14% low. Mika has 
found that on the Ford and Lodge Expressways 1% of the driv- 
ers tise a spacing of about 29 ft at 40 mph. It would seem 
to me that this "riding your rear bumper” driver might well 
be the driver most apt to be involved in a rear collision, 


Fig. 1 — Early aircraft 


AS RECENTLY as 1938 only 29,000 planes were operating 
within the available United States air space. Today more 
than 109,000 aircraft move about in this same area, From 
pre- World War II speeds of 180 mph, commercial aircraft 
have moved to an operational regime of 600 mph. The safe- 
ty problems these conditions generate are legion. 

What can be done to achieve the precise control of flight 
which these conditions demand? Any proposed solution must 
satisfy the needs of four rather divergent groups. 

The first group is the airline carriers, The primary in- 
terest of the airline operator is an efficient and profitable 
operation. A flight operation must show improvement in 
economy of operation. This would include, among other 
objectives, the reduction of maintenance, and better equip- 
ment reliability and economy. 

The second group is the government. The government 
agencies regulating the airlines have a slightly different ori- 
entation in their requirements. Of paramount importance 
in this case are the requirements for safer and better utiliza- 
tion of air space, particularly over highly congested termi- 
nal areas, 

The third group includes the pilots themselves and their 
cooperative organizations, From the standpoint of the pilot, 
an effective system should keep him constantly aware of 
what is happening, even during the times that the aircraft 
is On automatic control, He, in the final analysis, is the 
one man in whose hands the success or failure of the opera- 
tion lies, 

Last but not least is the passenger, who is the chief rea- 
son for the existence of the airlines. Thought and consider- 
ation must be given to his convenience, his time, and his 
pocketbook, 

A system to meet all of these needs, must simultaneously 
improve the economy of operation and the safety and air 
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space utilization, and provide the pilot with not only im- 
proved automatic functions but also with continuously avail- 
able indications of what is happening. 

The problem is being approached from two points of view; 
that of the ground controller, and that of the pilot andcrew 
in the aircraft. Recognizing the need to modernize andim- 
prove data handling methods for the nation's air traffic con- 
trol, the Federal Aviation Agency is sponsoring considerable 
effort in the study and introduction of automation to the pro- 
cessing and display of air traffic control data. However,im- 
proving the ground monitoring procedures for controlling air 
traffic solves only a part of the problem. The remainder of 
this problem rests with the human pilot who controls and 
monitors his own aircraft, and at. whose fingertips lies the 
responsibility for the comfort and safety of passengers and 
crew. It is to this area of flight control that the following 
remarks apply. Specifically, we will discuss the approach 
taken by the United States Navy in unburdening the pilot 
through the development of an integrated instrumentation 
program and some of the applications of this instrumentation 
program to transport aircraft operation, 


Consideration of Pilot 


Let us start with the human operator, the pilot. Man has 
consistently demonstrated his intellectual powers by creating 
tools and machines to extend his capabilities and his senses. 
As the machines have become more complex, the require- 
ments on the human operator to control them precisely have 
become more exacting. 


The Army-Navy Instrumentation Program was based on 
the principle of using man's earth evolved capabilities to 
the maximum extent, on the basis that changes in any man- 
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to Transport Aircraft 


made machine could be quicker and more certain in results 
than changes in the man, 

If you will recall the early days of commercial aviation 
and the equipment available then (Fig. 1), and contrast 
those early aircraft with today's sleek jet transports (Fig. 2), 
it should be readily apparent that considerably greater changes 
have occurred in aircraft in 35 years than have occurred in 
man in 35,000,000 years (Fig. 3). 

The strength and limitations of the human brain are the 
foundations on which the requirements for integrated control 
systems are derived. 

Dr. Finagle has given us the definition of a “constant var- 
iable"” which when added, subtracted, multiplied, or divid- 
ed into a wrong answer will turn it into a right answer. The 
only known source of this "constant variable" is the human 
brain. Give a computer wrong or incomplete data and it 
returns a wrong answer or none at all. The human brain 
characteristically operates with such data and surprisingly 
often, by a creative leap, comes up with the right answer 
in defiance of logic, 

Human beings are unique in this capability to arrive at 
reasonable decisions based on considerations of may com- 
plex and highly inter-related, but often poorly defined, fac- 


Fig. 2— Modern transport 


tors, The ability to apply memory data, stored from a life- 
time gathering of knowledge, and to arrive at a decision, 
has never been approached by a man-made computer. 

In spite of its evident huge capacity, some of the brain's 
limitations are of critical importance in the design of man- 
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Fig. 4 — Equations describing common object 
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machine systems, The time constant is long, compared to 
those of many kinds of mechanisms and circuits; the brain 
tires quickly and is easily distracted. Also, certain config- 
urations of information are accepted much more readily than 
others. This point is illustrated by the difficulty of the av- 
erage person in visualizing a simple everyday article from 
simplified mathematical formulae (Fig. 4), or even by a 
three- view drawing (Fig. 5); and his ease in recognizing a 
picture of the article (Fig. 6), The point is that informa- 
tion can be conveyed in various ways. The job of the sys- 
tem designer is to provide information to the system opera- 
tor in the form which he can interpret most readily andun- 
derstand. 

The pilots of today's high performance aircraft are faced 
with a very similar type of problem. One of the fundamen- 
tal things the pilot needs is an answer to the question, "Where 
am 1?" But, how does he obtain an answer? (Fig. 7) In 


Fig. 5 — Three-view 
drawing of common 
object 


Fig. 6 — Photograph of common 
object 
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Fig. 7 — Position computation 
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conventional instrument panels he must read his indicated 
altitude and airspeed in numeric terms, correct them for the 
outside air temperature, estimate the wind direction and ve- 
locity, compute his ground speed, and finally end up with 
an approximation of the actual aircraft position. If what the 
pilot really needs to know is his present location, one will 
have to admit that this is quite a complicated procedure to 
go through to establish this bit of information, Furthermore, 
in spite of the increasing demands being placed upon the pi- 
lots of our modern transport systems, the ways in which the 
necessary information is provided to him have not really 
changed at all in the last 35 years, Witness a cockpit panel 
circa 1927 (Fig. 8) and the panel of our latest jet transport 
(Fig. 9). The same round dials and moving pointers are be- 
ing used today that were used three decades ago, In today's 
cockpit the pilot is still faced with the job of mentally in- 
terpreting, integrating, computing, and somehow eventually 
determining his exact location. How well he does can be 
inferred by the current great concern expressed by the Fed- 
eral Aviation Agency on the gross inaccuracies made by air- 
line pilots in reporting their positions over check points and 
marker beacons, 

The disjointed addition of radio aids, computers, and 
other electronic equipment to the aircraft has not improved 
matters, As the number of electronic systems increase, the 
number of tubes, capacitors, and resistors increases geomet- 
tically, Furthermore, the greater the number of electronic 
components, the higher the probability of partial or com- 
plete system failure. 


Development of Army-Navy Instrumentation 
Program 


This, then, was the problem faced by the United States 
Navy when, in 1953, it was decided that if air superiority 
was to be maintained, a broad program to improve the all- 


Fig. 8 — Aircraft instrument panel — 1927 
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weather operation of aircraft by research in instrument sys - 
tems was mandatory. 

One of the early decisions concerning such a broad pro- 
gram was that the overall effort should be coordinated by 
amajor aircraft concern in order that full consideration would 
be given to a complete man-aircraft system, and that prop- 
errecognition of system integration and size and weight prob - 
lems would be assured. A number of major companies were 
asked to bid on the program, and Douglas Aircraft Co. ‘s El 
Segundo Division was selected as the prime contractor for 
the industry-wide effort. 

In 1953 a meeting was called by the Navy to explain the 
program. Representatives of all military services and the 
industry in general were invited. Following the promising 
start, the Army joined the program with emphasis on heli- 
copter and light aircraft problems, The Bell Helicpter Corp. 
was chosen as a prime contractor to consider the problems 
of the helicopter, to adapt research from the original pro- 
gram to helicopter needs, and to provide added research as 
required by special problems, At the present time, two other 
prime contractors are engaged on other phases of the pro- 
gram; Electric Boat in the field of submarine operation, and 
Sperry Gyroscope in the field of surface ship control. 

The expressed goal of the program was to first define the 
problem and secondly,” to take as large a step toward the 
solution of the problem as present knowledge and immedi- 
ately definable research projects would allow. 

It was found early in the program that a most effective 
way to describe the total system function was in terms of a 
man-machine diagram (Fig. 10). It can be seen from this 
diagram that the “black box” called man is linked to the 
rest of the system by his displays (his inputs) and his con- 
trols (his outputs). Accordingly, a system was set up to de- 
termine, in an effective order, the requirements for the man- 
aircraft system, As an example, (Fig. 11) information re- 
quirements established display requirements, and the display 
requirements in turn determined the hardware requirements 


Fig. 9—Aircraft instrument panel — 1960 
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by which the desired display could be generated. 

The initial program emphasis was placed upon the human 
factors area since improvements in technological areas of 
equipment design would, by themselves, not necessarily in- 
sure maximal system efficiency, In all man-machine sys- 
tems, the effectiveness of the operator (even if he only in- 
itiates action) is a product function in the equation for sys- 
tem efficiency (Fig. 12). The overall effectiveness of the 
system cannot exceed that of its least effective factor. 

In following the requirements approach, a study was made 
of the way in which a man visualizes data from the real 
world, Based upon this study, four teams of human factors 
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Fig. 13 — Vertical reference display 


Fig. 14 — Pictorial, navigation display 


Fig. 15 — Advanced 
display configuration 


specialists translated these requirements into a single pair of 
displays. One of these displays (Fig. 13), shown in the ver- 
tical plane, provided an operator with immediate time scale 
information in pictorial form, It answered for him these ques- 
tions with respect to all of the immediate time information 
requirements, These are: 

1. What am I doing? 

2. What should I be doing? 

3. How am I doing? 

A tactical or navigation information display (Fig. 14) was 


A. M. MAYO AND H. L. WOLBERS 


v : 


Fig. 16 — Situation model — navigation 


Fig. 17 — Standard display — navigation 


provided in the horizontal plane to enable the pilot to visu- 
alize himself in a situation encompassing a longer period of 
time. This display performed the functions of a map. In 
addition to showing the aircraft position with respect to geo- 
graphic reatures, the tactical situation, and possible haz- 
ards, it is also capable of displaying fuel availability in terms 
of where the aircraft can go. Together (Fig. 15) these two 
displays comprise the basic sources of information to the 
pilot. 

To illustrate how these two displays might be used, let 
us consider a simple navigation problem. Fig. 16 is a situ- 
ation model showing an aircraft relative to a command path, 
Fig. 17 shows how the same information is presented on ex- 
isting instruments, and Fig. 18 shows the presentation in the 
form of a contact analog and situation display. It can be 
seen that Fig. 18 is much easier to understand and interpret. 
It is emphasized that the dynamic motions of both displays 
are also first order variables in giving operational informa- 
tion to the man in a form directly useful with minumum 
mental interpretation and time lost. 
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Fig. 18 — Advanced display — navigation 


The display concept, of course, has been validated in 
simulation studies, Fig. 19 indicates, for example, a hy- 
pothetical problem given to pilots in a laboratory situation. 
The pilot is placed 20 miles north and east of a VOR station. 
He is told to fly a heading of 270 deg until intercepting the 
north-south radial and then to fly due south over the station. 
Fig. 20 indicates a typical ground plot showing the actual 
variation using conventional instruments (ID 249 cross point- 
er, gyro horizon, et al), and performance using the advanc- 
ed display. In both cases the same computer is used, only 
the form of information display is different. The differences 
in performance and the implications for cruise control, fuei 
management, and precise navigation are readily apparent. 

The program has involved far more than the display sof 
information, It became evident that a radically different 
approach of overall system engineering and completely new 
methods of implementation would be required to provide the 
defined displays. Let us refer to the man-machine diagram, 
(Fig. 11). In addition to the man, the other demands of a 
basic system include display devices, computers, controls, 
and sensors. 

Specifications were written covering research effort and 
feasibility studies in each of the broad areas of the man-ma- 
chine system. Not all possible approaches were taken, how- 
ever, since limitations in available money limited the depths 
to which each of these areas could be explored. 

Because considerable progress had already been made in 
tadar and navigation sensing systems, relatively little of the 
early money was expended in these areas, Nonetheless, sev- 
eral notable results were achieved. Fig. 21 illustrates a tiny 
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Fig. 21 — Miniature integrating gyro 


gyro developed for the program by Minneapolis- Honeywell, 
This gyro has been used extensively not only in missiles, but 
it is the prime component in at least three major inertial 
navigation platform systems, Fig. 22 illustrates a vacuum- 
deposited resistance temperature unit developed by Servo- 
mechanisms, useful in environments ranging from those of 
liquid gases to jet exhaust temperatures. Further clarifica- 
tion of the sensor requirements has indicated the potential of 
allowing direct values of the various phenomena to be sensed 
by a device which itself is able to configure information to 
forms directly useful in the computer or, in some cases, by 
the operator, New work in this area is currently showing im- 
portant progress. 
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It was recognized in the very earliest efforts of the ANIP 
program that the success of implementing the desired dis- 
plays and controls would be a first order function of how ef- 
fective the central computer could be made. Litton Indus- 
tries was given the first computer subcontract, and the bril- 
liant conceptual thinking of George Floyd Steele, coupled 
with excellent implementation by the Litton team, resulted 
in the interim control computer. (Fig. 23) This unit weigh- 
ed less than 40 1b, occupied only 0.6 cu ft, and did the work 
of previous units weighing hundreds of pounds, (Fig. 24). It 
was the first of its type to be flown, Large numbers of suc- 
cessful production computer systems for a wide variety of 
purposes, including aircraft and missile control and tactical 
data analysis applications, have been based on this pioneer- 
ing unit. 

It was recognized, however, that much greater gains were 
required, and that the 250, 000 bits-per-sec of information 
capable of being processed in the ICCC computer were but 
a fraction of the desirable capacity. Promising results in 
the depositing of thin films of active electronic and mag- 
netic materials indicated the potential of eliminating the 
mechanical drum storage and of greatly increasing the ca- 
pacity of the computer. A team of companies including Lit- 
ton, Varo, Servomechanisms, Bell Helicopter Corp., and 
Laboratory for Electronics, was set up under the direction of 
Douglas Aircraft Co. to simultaneously push efforts in ad- 
vanced electronics and new computers. The RV-2 computer 
concept (Fig. 25) was conceived and shows promise of pro- 
viding the capability of handling millions of bits of informa- 
tion per second by utilizing magnetic film data storage and 
handling. Data input and amplification functions utilize 
advanced microcircuitry made of thin films of materials in 
active contact with each other. This method of construc- 
tion essentially eliminates components and potentially great- 
ly increases reliability. 

Further computer advances are indicated from studies 

showing the possibility of combining the advantages of dig.- 
Fig. 23 — T2V — computing tal and analog computers by means of direct manipulation 
of electromagnetic and sound waves. 


Fig. 22 — Temper 
ature sensing 
element 


Limitations in the number of bits of information capable 
of being configured by available computer equipment made 
it necessary to assign some added display requirements to the 
initial display amplifier systems, Kaiser Aircraft and Elec- 
tronics designed a mechanical analog unit for presenting the 
contact analog display in the first research vehicle. They 
have also provided a simple electronic contact analog and 
pathway generator which is being utilized in ground test and 
production vehicles, General Electric and Avion Inc, have 
configured more advanced, all electronic, display genera- 
tors for use in the second research aircraft, 

In the display field, Kaiser Aircraft and Electronics was 
the first successful bidder. They developed a flat cathode 
tay tube which was tested first in the RV-1 vehicle (Fig. 26). 


Fig. 24 — T2V — computer size and weight reduction A transparent phosphor developed for this display by the 
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Fig. 25 — Advanced 
computer (RV2-1) 


Naval Research Laboratories has made practical large gains 
in the daylight viewing efficiency of standard types of cath- 
ode ray tubes and is being utilized extensively in present de- 
velopment programs. 


Fig. 27 illustrates the excellent optical properties of the 
new transparent cathode ray tubes now ready for develop- 
ment and application from the Kaiser effort. The require- 
ments for still lighter weight display devices offering further 
gains inreliability and more extensive pictures have led to 
new requirements for solid-state display screens, Research 
to date has indicated that these new systems are feasible, but 
much detailed research will be necessary before they are 
ready for production use. The advent of these new display 
devices will give almost unlimited flexibility to the designer 
of space craft and remotely controlled vehicles. 


Fig. 26 — T2V — flat plate cathode ray tube 


Very early in the program it was recognized that radi- 
cally improved electronic equipment implementation tech- 
niques would be needed and contracts were let to Varo Mfg. 
Co, to study the potentials of some microcircuitry concepts 
of Austin Stanton, These studies have, of course, broaden- 
ed into a multiple company effort and are now being gen- 
erally exploited by the industry as a whole. (Fig. 28) The 
promise of these techniques in greatly simplifying the man- 
ufacture of complex equipment can hardly be overempha- 
sized and can be exploited to provide the basis for radically 
new industrial concepts. 


Where formerly circuit components were composed of 
many resistors, capacitors, and vacuum tubes (Fig. 29), the 
techniques of solid state circuitry can be used to achieve 
radical improvements in circuit component size. In lieu of 
vacuum tubes we can now talk literally in terms of micro- 
circuits, fabricated by deforming the basic molecular struc- 
ture of matter. Instead of dimensions in inches, we now 
talk in terms of angstrom units. By properly designing these : 
microcircuits to achieve functional outputs, we no longer Fig. 27 — Advanced flat plate, cathode ray tube 
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Fig. 28 — Progress in transistor flip flops 


Fig. 30 — T2V cockpit 


Fig. 29 — Microcircuit reliability 


need separate resistors and capacitors in the conventional 
sense. Furthermore, with the possibility open of depositing 
entire circuit functions as a block, the number of unique 
components needed is radically reduced. The reduction of 
the sheer numbers of individual components leads to an in- 
crease in the reliability of systems, and with the increase 
of reliability comes an increase in system capability. 

As work on components and techniques proceeded,a series 
of test vehicles and cockpits were designed at Douglas Air- 
craft Co. to solidify the gains. Fig. 30 is the first flight 
vehicle, a Lockheed T2V aircraft, configured with early 
laboratory versions of equipment from the program, Limited 
flight tests in this vehicle indicated that flight operations 
with the system showed even greater gains that were evident 
in the simulated ground tests, 

Fig. 31 illustrates a cockpit utilizing the ANIP principles, 
but applying only techniques for which the research program 
has completely defined the necessary developments, Fig. 
32 shows the application of the concept to a jet transport 


type aircraft. Fig. 32 — Jet transport cockpit 
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Summary 


A relatively few million dollars spent in broad systems 
and equipment research has resulted in the useful output of 
hundreds of millions of dollars of advanced equipment pro- 
duction programs already under way. A system has been de- 
veloped which is applicable to space vehicles, unmanned 
missiles, aircraft, submarines, surface vessels, and tanks, 
It is significant that the first full aircraft application of the 
system was called out in 1958. - the original target year for 
useful design data. Other major objectives of this overall 
program, still in the future, promise a much greater total 
return, The microcircuitry approach toward advanced equip- 
ment configuration promises in itself to be the basis for a 
whole new industry, 

Most scheduled airline flights today move under Instrument 
Flight Rules (IFR) even in good weather with unlimited vis- 
ibility. The voluntary decision in July 1958 by scheduled 
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commercial airlines to fly IFR on all flights above 10, 000 
ft, while increasing precision of control, has contributed to 
the burden on pilots (and aircrew) and has also added to the 
traffic control burdens of the ground-based traffic control 
personnel. The central figures in the total system are still 
the pilot in the aircraft and the human controller on the 
ground. To help promote a safe, orderly, expeditious flow 
of aircraft flying IFR, these central figures must be unbur- 
dened from the tedious, repetitive, clerical functions now 
handled manually. Through the use of integrated displays 
and controls. they must be given more time for vital decis- 
ion making functions. 

It is believed that data now available from the ANIP Pro- 
gram are sufficient that serious consideration should be given 
to the application of these data for civil aircraft. The re- 
sults of such applications should simultaneously benefit the 
passenger, the airlines operators, the government control 
agencies, and the pilots. 
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ABOUT A YEAR anda half ago, Sundstrand Corp. became 
interested in the possible use of solar regenerative fuel cells 
as a source of power for space and remote terrestial appli- 
cations. It was felt that this type of power source offered 
a number of possible advantages over solid state devices. 

This paper presents: (1) a brief discussion of some of the 
problems and theoretical aspects of a photochemical type 
of solar regenerative system, and (2) a status report on the 
regenerative nitrosyl chloride fuel cell system which Sund- 
strand is developing under contract to the Wright Air Devel- 
opment Division, Aeronautical Accessories Laboratory, Power 
Branch. In this system, Chlorine (C19) and nitric oxide (NO) 
are combined in a fuel cell to produce electricity, the nitro- 
syl chloride (NOC1) formed in the process is subsequently 
photodissociated into chlorine and nitric oxide. These fuels 
can be stored for future use or fed back into the fuel cell. 


General Discussion 


There are very few chemical reactions which can be in- 
corporated into a solar regenerative fuel cell system. The 
requirements for fuel cell operation and photochemical re- 
generation are quite severe and somewhat contradictory. 
Some of the criteria used as a guide in the choice of our sys- 
tem were as follows: 

1. The reactants should be gases or liquids to facilitate 
circulation. 

2. The reaction must take place readily on electrodes 
at convenient temperatures. 

3. The reactants should be easy to handle. 

4, The product of the fuel cell reaction should be an 
ionizing liquid which could be used to make the electrolyte 
solution. Thus, both electrodes would use a common elec- 
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trolyte and the need for semi-permeable membrane to sep- 
arate the electrode compartments would be eliminated. 

5. The fuel cell reaction should have a large loss in free 
energy, in order to produce a high cell voltage. 

6. The product of the fuel cell reaction should be amen- 
able to dissociation by photolysis. Consequently, there would 
be a limit on how high the cell voltage could be. Other- 
wise, it could not be photodissociated by an appreciable part 
of the available light energy. 

7. The tendency of the photodissociated products to re- 
combine, except in the fuel cell, should be negligible. 

8. The dissociated products should be separable in rel- 
atively pure form. 

9. From a volume standpoint, it would be better for both 
reactants to be liquid, but from a separation standpoint, a 
gas and a liquid would be preferred. 

10. The fuel cell product should absorb light over a broad 
spectral range, but the fuels formed by dissociation should 
not absorb. 

11. The photochemical reaction should have a high quan- 
tum yield. This is the efficiency with which photons can 
cause the dissociation to take place. In general, one pho- 
ton causes a maximum of one dissociation. 

12. The fuel cell reaction and photochemical regenera- 
tion should be 100% reversible. No side reactions should oc - 
cur which would eventually destroy the reactants. 


Theoretical Efficiency 


It is important to note that not all light energy which is 
absorbed in a photochemical reaction can be converted into 
electrical energy. Calvert (1a)* has defined a useful ap- 
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proximate equation which expresses the percentage efficien- 
cy for conversion of light into chemical energy suitable for 
use in a fuel cell. 


100 (AFo9) (da) is 


Q 
En 
AF = Standard free energy for the overall 
reaction in terms of Kcal/mole of 
product A 
@A = Quantum uield of product A 
Ex = Energy of light in Kcal/mole of quan- 
ta at wavelength 
Maximum power available from a photylysis fuel cell 
combination can be calculated from the equation: 


pee ay Ss ist re eesony va 
emc 6:02x1023 : 
@ = Quantum yield 
Ia = Light intensity in quanta absorbed/ 
sec x cm? 
6. 02x1023 = Avogadro's number 
V = Voltage of chemical cell 
N = Number of equivalents/mole 
or 
Power in 
microwatts = (1.6 x 10713)¢laNV (3) 
cm? 


From this it can be seen that to obtain high power, one 
should have a high quantum yield, high light intensity, high 
voltage per/cell, and a large number of equivalents per 
mole of the fuel. 


Usable Solar Energy 


The spectral band of photochemically useful solar energy 
extends from about 1500 to 8000 A. Below 1500 A, photons 
cause ionization; above 8000 A, the energy of the quanta 
is too weak to break chemical bonds and it merely heats up 
the system. This usable band represents about 58% of the 


total solar energy. The object then is to choose a photo- 
lysis reaction which will absorb and use as much of this light 
as possible. 


Choice of Chemical System 


Survey of the many endothermic photochemical reactions 
which had been reported in the literature (Calvert's (1b) list 
of reactions is excellent), showed few which showed prom- 
ise as fuel cells or met enough of the above requirements. 
The regeneration process was considered to be the most im- 
portant limiting factor. Emphasis was, therefore, placed 
on choosing a promising photochemicalreaction which might 
be adapted to a fuel cell system. * 

Of all the photochemical reactions considered, the de- 
composition of nitrosyl chloride appeared to be the most 
promising. Kistiakowsky (2) had reported a quantum yield 
of two at wavelengths extending from the ultraviolet up to 
about 6370 A. This means that for every quantum absorbed, 
two molecules of nitric oxide are produced. It can be cal- 
culated from Friedman's data (3), as indicated in Fig. 1, 
that this spectral region contains about 43% of the totalsolar 
energy and about 75% of the photochemically active light 
(i.e. 8000 A). 

Fig. 1 shows the absorption spectrum of nitrosyl chloride 
gas, in arbitrary units, in relation to an approximate repre - 
sentation of solar energy distribution versus wavelength. De- 
pending on the thickness of the absorbing layer, gaseous ni- 
trosyl chloride absorbs up to 6500 A. Theoretically, light 
of wavelengths up to 7500 A has sufficient energy to break 
the C1-NO bond, and by use of sensitizers this band may 
someday be utilized. 

There is evidence to show that the quantum yield of two 
is obtained through u two step free radical process (2, 4, 5, 
6). 

Primary process: 

NOC] + hyv==—=— NO + Cl. 
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Fig. 1—Solar energy distribution and light absorption of 
nitrosyl chloride 


Secondary reaction: 

Cl: + NOC] == NO + Clo 

Overall reaction: 

2 NOC] + hy == 2 NO + Clo 

The increase in free energy, AF, of this reaction amounts 
to +4.9 Kcal/mole. The two products have thus stored part 
of the energy absorbed from the photon, 

Fuel Cell Reaction - The photolysis products can be made 
to give up this energy as electrical energy if they can be re- 
combined in the reverse reaction by way of an electrode re- 
action in a fuel cell. 

2NO+ Clo —<e- 2 NOCI 
AF = -4.9 Kcal/mole 

As AF is negative, the reaction should proceed spontane- 
ously giving a cell voltage which can be calculated by the 
well-known equation relating the Faraday, equivalents per 
mole, and free energy of the reaction. 

AF = -NEF 

where: E = 0.21 

Theoretical Efficiency of the NOC] Reaction - From Eq. 1 
previously discussed, it is possible, by using the free energy 
increase in the products, to determine the theoretical max- 
imum efficiency of converting radiant energy at various 
wavelength into electrical energy. Some of these values 
are shown in Table 1. 

At the ultraviolet end of the spectrum, the efficiency of 
conversion is much lower. The quanta absorbed have far 
more energy than is required for the dissociation of nitrosyl 
chloride. The excess energy is, therefore, wasted as heat. 

Maximum Power Obtainable - It is possible to calculate 
the maximum power available from a nitrosyl chloride fuel 
cell which is being regenerated by one square meter of ab- 
sorber surface. However, a number of assumptions, which 
may not be completely correct, must be made. 

1. All the light up to 6300 A is absorbed only by NOC1, 
not the Clo or NO. This amounts to an Ia value of 14x1019 
quanta/cm2 sec. 


- Wavelength, A 
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Table 1 - Theoretical Conversion Efficiency 


Efficiency, Q, % 


Wavelength, A Efficiency, Q, % 


6500 22.3 
3000 10.3 
2000 6.9 


(a 


2. Quantum yield, @, is two over the range. 

3. No back reaction occurs. 

4. The theoretical voltage is 0.21 v. 
By use of Eq. 3, 

P = 9500 microwatts/cm2 or 95 watts/meter 

Overall Theoretical Efficiency - The overall maximuin 
efficiency of conversion solar energy into electrical energy 
can be calculated from the above value as follows: 
chemical power available from conver- e106 
sion power from incident solar radiation 

For the range 2150-6300 A the incident power is about 
560 watts/m2, The efficiency of nitrosyl chloride is, there- 
fore: 


%oEfficiency = 


95 
BSc X11 004s 14 
‘bE = 60 iy 
Considering the entire solar spectrum, 1400 watts/ m2, 
the efficiency is about 7%. The rest of the energy is lost 
as heat. 


Practical Application — Regeneration Process 


The photodissociation of nitrosyl chloride can be carried 
out in either the gaseous state, liquid state, or as a solution 
in an inert solvent (7). 

Photolysis of liquid nitrosyl chloride presented several 
important advantages. It was more compact than the other 
systems. Only a 1/4 in. absorbing layer was needed, com- 
pared to several inches for gas. It also had a built in sepa- 
ration device. Nitric oxide produced during irradiation was 
insoluble, and thus would bubble off as a gas leaving the 
chlorine behind in the liquid. 

However, it was found that irradiation of the pure liq- 
uid, or liquid dissolved in inert solvents, was impractical 
because of the rapid rate at which the decomposition prod- 
ucts recombined. 

The rate of recombination, after irradiation of gaseous 
nitrosyl chloride, was found to be much slower. Fig. 2 shows 
Cary spectrophotometer curves indicating the rate of form- 
ation of nitrosyl chloride from photochemically produced 
nitric oxide and chlorine. These rates mean that there will 
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be a practical period of time in which to separate the prod- 
ucts. We have actually separated nitric oxide amounting 
to 10% of the nitrosyl chloride present, but this is not con- 
sidered a max. We have decomposed as much as 80% after 
a brief illumination with sunlight, but we did not attempt 
separation in this case. 

Separation of Products - Separation of vapor phase prod- 
ucts will be a little more cumbersome than from a liquid 
irradiation. However, several methods are available, in- 
cluding: Compression and condensation, absorption by an 
inert solvent, or absorption of chlorine by a reagtive solvent 
from which it can be later separated. Some recombination 
will probably occur in all these processes. 

Production of Power from Photolysis Products - Previous 
investigators who have considered using nitrosyl chloride as 
a means of producing storable chemical energy from sun- 
light, proposed to combine chlorine and nitric oxide ther- 
mally to drive a heat engine. A relatively low heat reac- 
tion and a high rate of thermal dissociation would cause the 
available temperatures to be quite low, probably much iess 
than 400 C. 

The present study has undertaken a new approach, name- 
ly, the direct conversion of chlorine and nitric oxide on the 
electrodes of a fuel cell. This removes the Carnot efficien- 
cy limitation and makes possible the use of a low energy re- 
action which might otherwise be impractical. 

To the best of our knowledge, a fuel cell operating on 
these fuels has not been attempted before. It may be that 
the low cell voltage looked too unpromising or that a suit- 
able electrolyte was lacking. 

Actually, however, liquid nitrosyl chloride is rather u- 
nique in its ability to act as an ionizing solvent for the fuel 
cell electrolyte. Its action is somewhat like that of water 
in the hydrogen-oxygen fuel cell. 

Fig. 3 is a simplified schematic of a one cell fuel cell 
operating on gaseous chlorine and nitric oxide. The elec- 
trolyte is aluminum chloride which reacts with nitrosyl chlo- 
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Fig. 2—Back reaction from NOCI photolysis, 
2NO(g)+Cl.=2NOC(g). (Absorbance of sample before exposure 
and after long period in dark=A,.= 1.186) 
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Fig. 3—Nitrosyl chloride fuel cell 
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Fig. 4—Nitrosy! chloride fuel cell—Model No. 3, Teflon 


ride to form conducting ions as follows (8): 


NOCI + AlCl, ——p> NO* + AIC1y 


In brief, the fuel cell reactions are as follows: nitric 
oxide ionizes at one electrode by giving up an electron and 
becoming NOt; chlorine picks up an electron at the other 
electrode and becomes Cl. The chloride ion immediately 
reacts with the excess NO* ions to form the solvent, union- 
ized NOCI1. 

Because of the low boiling point of the electrolyte, less 
than 0 C, the early work on these fuel cells was carried out 
at -10 Cto -20C. Thus, it was possible to maintain a 
liquid electrolyte at atmospheric pressure. We were able 
to obtain the theoretically predicted cell voltage of 0.21 v 
per cell and to establish to our satisfaction that we really 
had a fuel cell reaction. However, at these temperatures, 
currents were vanishingly low. 
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NOC! + EXCESS NO 8 Cl2 


Fig. 5—Solar regenerative fuel cell system 


In order to operate at room temperature and pressures up 
to 100 psig, the rather massive cell shown in Fig. 4 was con- 
structed. The internal construction is quite similar to the 
schematic (Fig. 3). The high vapor pressure of electrolyte, 
in addition to its corrosiveness, caused some substantial op- 
erating difficulties. It had to be pressurized to at least 30 
psig to remain liquid at room temperatures, As nothing was 
availabie commercially, there was quite a problem in de- 
vising a regulating system which would sense the pressure 
over the electrolyte and supply nitric oxide and chlorine at 
an approximately equivalent pressure. Wide variations in 
pressure would burst the rather fragile carbon electrodes. 

As in most fuel cell work, electrode flooding has been 
a problem in our case also, Although the pressure regulation 
helps prevent flooding, we do not rely on it entirely. 

As this paper was being written, we finally ran some tests 
on this high pressure, room temperature fuel cell. We were 
able to produce the theoretical 0.21 v per cell, and were 
able to get a very encouraging current output. At short cir- 
cuit, a current density of 7.5 amp/ft® was obtained, for a 
short time, before polarization reduced it, and at 0.1 v, ap- 
proximately 1.5 amp/ft2. 

We are now in a position to concentrate on the problem 
of increasing our current output through various improve - 
ments in electrode catalysis and conductivity. 


System Development 


Our next efforts will be directed toward the incorporation 
of the two separate phases of the study, the solar regenera- 
tion and the fuel cell, into a single unit. This will allow 
actual utilization of nitric oxide and chlorine produced by 
solar regeneration. 

A functional schematic of such a system is shown in Fig. 
5. Light is absorbed in the regenerator where part of the 
gaseous nitrosyl chloride is decomposed into chlorine and 
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nitric oxide. The gases then pass into the scrubber where 
chlorine and unreacted nitrosyl chloride are absorbed in a 
nonvolatile solvent. Nitric oxide passes through to storage 
or the fuel cell, In the stripper, heat is applied to drive 
chlorine and nitrosyl chloride out of the solvent. These 
gases then also pass tostorage ortothe fuelcell. In the fuel 
cell, nitrosyl chloride is produced as previously discussed. 
Excess nitrosyl chloride, which dissolves in the electrolyte, 
is removed in the evaporator and sent to the regenerator. The 
concentrated electrolyte passes back to the fuel cell. 


Summary and Conclusions 


This paper has presented a brief background of the theo- 
retical aspects of a solar regenerative fuel cell system which 
is based on the photochemical decomposition of nitrosyl 
chloride. Some of the experimental results have been de- 
scribed. Although the work is still in the laboratory stages, 
it is felt that the system shows great promise. The produc- 
tion and separation of significant amounts of nitrosyl photo- 
lysis products, and the demonstration of a new type of fuel 
cell which can operate on these products, makes further re- 
search and development both interesting and worthwhile. 
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Fatigue, Impact, and Tensile 
Properties of High Strength 


USE OF LEADED, free-machining steels has expanded con- 
siderably in the last decade. Practically any of the standard 
SAE alloy steels can now be obtained as leaded, free-ma- 
chining grades. 

Since most service failures are the result of metal fatigue, 
it follows that the fatigue strength of these leaded grades is 
of particular interest, especially for applications which in- 
volve high magnitude stresses of a cyclic, repetitive nature. 
In this paper, the fatigue strength, or endurance limit, is 
defined as the limiting stress, psi, at or below which a met- 
al will withstand an indefinitely large number of stress cy- 
cles without failure. 

The impact properties of a steel grade are of interest for 
applications such as gears which require that a part have the 
ability to absorb, without failure, a definite amount of imp- 
pact energy. Also, the propensity of the steel grade to fail 
in a brittle manner can be determined by impact testing. 

Very little quantitative data have been published to date 
regarding the fatigue strengths and impact properties of lead- 
ed alloy steels at high strength levels. A meager amount of 
published work has dealt with the fatigue properties of SAE 
4140 steel at ultimate strength levels up to 170, 000 psi. Or- 
dinarily, steels are considered to have a constant fatigue 
strength ratio which is defined as the ratio of fatigue strength 
to ultimate strength, expressed as per cent, and which varies 
from 35-55%, depending upon the steel grade. However, 
the fatigue strength ratio decreases with increasing ultimate 
strengths regardless of the type or grade of steel tested, al- 
though the rate of decrease will vary for different grades. 

Westinghouse uses a considerable amount of SAE 4140 
steel at high strength levels for gears and pinions for various 
applications. The substitution of a free-machining leaded 
alloy steel for these applications would be highly desirable 
from an economic viewpoint, but stringency of the applica- 
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tion requires that any material which is used as a substitute 
have transverse fatigue and impact properties comparable 
to those of high strength conventional SAE 4140 steel. The 
investigation discussed in this paper was conducted to ascer- 
tain the practicality of substituting a leaded free- machining 
SAE 4140 steel for the conventional grades for such applica- 
tions, 

The investigation consisted of: 

1. Fatigue testing leaded and non- leaded SAE 4140 steel 
at hardness levels of 55 and 47 RC to determine endurance 
limits, 

2, Charpy V-notch impact testing the same materials 
at a hardness level of 47 RC to determine impact properties 
within a range of temperatures between -200 F and +250 F, 

8. Additional Charpy V-notch impact tests on the two 
steel grades to determine the relationship of room tempera- 
ture impact strength and tempering temperature between 425 
F and 775 F. 

4, Tensile tests of leaded and non-leaded specimens at 
two hardness levels, 55 and 47 RC. 

These hardness levels, 55 and 47 RC, imply an ultimate 
strength of 285,000 and 220,000 psi, respectively, as de- 
rived from the relationship between hardness and ultimate 
strength of steel. All of the tests, except where noted, were 
made using specimens whose lengths were transverse to the 
rolling direction. 

The following conclusions were made as a result of the 
investigation. 

1. The differences in the transverse fatigue, impact, and 
tensile properties between leaded and non- leaded SAE 4140 
alloy steel at hardness levels of 55 and 47 RC are insignifi- 
cant for normal applications. 

2. The transverse fatigue, impact, and tensile strength 
properties of high strength leaded and non- leaded SAE 4140 
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alloy steel are considerably lower than the corresponding lon- 
gitudinal properties. 

3. The low transverse properties are caused by inclusions 
which are commonly found in commercial grades of SAE 4140 
alloy steel, These inclusions act as stress-raiser notches and 
have their major effect in the transverse direction. 

As a result of the conclusions noted above, the following 
recommendations were made. 

1. Gears, pinions, and other similar parts whichare load- 
ed in the transverse direction should be designed on the basis 
of transverse properties such as those which are reported in 
the text of this investigation. 

2. A grade of steel which is less notch sensitive than SAE 
4140 steel, possibly SAE 4340 steel, or a cleaner grade of 
steel such as vacuum melted SAE 4140 or 4340 steel, should 
be used for gear and pinion applications which are heavily 
loaded in the transverse direction. 


Details of Investigation 


The two bars used for the investigation were obtained as 
1 ft lengths of 6 in. diameter, hot rolled and annealed, lead- 
ed and non- leaded SAE 4140 steel. The chemical composi- 
tion of the two bars were reported by the supplier to be with- 
in normal limits for the two grades. (See Table 1.) 


Table 1 - Composition of Test Bars 


Leaded Non- Leaded 

Ht. No. Ht. No, Specified by 

45204 29678 SAE 4140 

Lena vt actions epi) 
Carbon 0.46 0.43 0.38/0.43 
Manganese 0.83 0.93 0.75/1.00 
Phosphorus 0.019 0.018 0.04 max 
Sulphur 0.026 0,032 0.04 max 
Silicon 0.28 0.30 0.20/0.35 
Chromium 0.85 1.04 0.80/1.10 
Molybdenum 0.17 Oneal Ovd5/ 0825 
Lead 0.15/0.85  -- --- 
Iron Remainder Remainder Remainder 


The McQuaid-Ehn grain size of both heats was ASTM No. 
6 to No. 8; the Westinghouse specification specifies that the 
grain size shall be ASTM No. 5 or finer. 

Slices 3/4 in. thick were sawed from the 6 in. diameter 
bars. Fatigue, impact, and tensile specimens were rough 
blanked transversely from the various slices, as shown in Fig. 
1, which also describes the method of identifying the various 
specimens, 
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Fig. 1 — Manner of rough blanking and method of identifying 
fatigue and impact specimens from slices % in. thick and 6 in. 
in dia 


The impact and tensile specimen blanks were finish- ma- 
chined or ground (except where noted) after which they were 
heat treated in an inert atmosphere. The fatigue specimen 
blanks were rough- machined, heat-treated, then finish ground 
as smooth-bar R.R. Moore rotating beam fatigue specimens. 
All specimens were subjected to fluorescent magnetic parti- 
cle inspection prior to testing to ensure that none were crack- 
ed before testing. 

The specimens from each heat intended for fatigue tests 
were heat treated to two hardness levels, 47 and55Rc. Table 
2 lists the hardness, after finish grinding, of each heat-treat- 


Table 2 - Hardness of Leaded and Non-Leaded 
SAE 4140 Steel Fatigue Specimens After 
Heat Treatment 


Leaded Hardness Non- Leaded Hardness 


R 45N RC R 45N RC 
50 46 51 AT 
51 AT 52 48 
51 AT 51 47 
51 47 50 46 
51 47 51 47 
51 AT 50 46 
51 47 52 48 
52 48 50 46 
59 54 58 53 
61 55 61 55 
61 55 61 55 
61 55 62 56 
61 55 60 54 
62 56 60 54 
62 56 61 55 
62 56 


HIGH STRENGTH LEADED AND NON LEADED SAE 4140 STEEL 


ed fatigue specimen as determined with a Rockwell Super- 
ficial Hardness Tester using the 45N scale. The conversions 
trom 45 NtoRC are also listed for convenient reference. After 
finish grinding, the four series of leaded and non-leaded 
steels were fatigue tested at various stress levels to deter- 
mine the endurance limit of each. The endurance limit cri- 
terion was set at 100,000,000 cycles. This criterion is not 
uncommon for high strength steels and is practical for West- 
inghous applications, Table 3 lists the fatigue test results 
for each specimen. Endurance limit curves for each series 
are plotted conventionally in Figs, 2 and 3 on semi- log paper 
as stress versus cycles to failure. Specimens which endure 
100, 000, 000 stress- cycles without failure are assumed to be 
capable of operating indefinitely at the specified load. 
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Table 3 - Transverse Fatigue Test Results for 
Leaded and Non-Leaded SAE 4140 Steel 
at Two Hardness Levels 


Stress Stress 
psi Cycles psi Cycles 
Leaded Non- Leaded 
47 RC 7 

154, 000 5, 000 154, 000 9, 000 

90, 475 21, 000 88, 000 32, 000 

88, 000 29, 000 90, 426 65, 000 

66, 000 114, 000 66, 000 272,000 

53, 000 115, 000 60, 000 730, 000 

55, 000 42.7, 000 44,000 108, 200, 000 
44,000 107, 200, 000 57, 000 109,179, 000 
50, 000 110, 000, 000 55, 000 119, 578, 000 

55 RC 

151, 000 3, 000 160, 000 5,000 

80, 000 45, 000 130, 000 10, 000 

50, 000 187, 000 110, 000 34, 000 

54, 000 2, 919, 000 80, 000 295, 000 

50, 000 10, 646, 000 54, 000 7, 956, 000 
43, 000 14, 084, 000 52, 000 101, 076, 000 
46, 000 52, 954, 000 50, 000 105, 945, 000 
38, 000 132, 260, 000 


Fig. 2 shows that the non-leaded SAE 4140 steel, at a 
hardness of 47 RC, has an endurance limit of 58, 500 psi in 
the transverse direction, The same graph shows that the com- 
parable leaded steel has a lower endurance strength of 51, 500 
psi. Similarly, the curves in Fig. 3 show that the non-lead- 
ed SAE 4140 steel, at a hardness of 55 RC, has an endurance 
limit of 53, 000 psi in the transverse direction as compared 
to 44,000 psi for the leaded steel. 

Fig. 4 contains photomicrographs which show the relative 
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Fig. 2— Endurance limit curves as determined from transverse 
tests for leaded and non-leaded SAE 4140 steel heat treated 
to 47 RC hardness 
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Fig. 3 — Endurance limit curves as determined from transverse 
tests for leaded and non-leaded SAE 4140 steel heat treated 
to 55 RC hardness 


cleanliness of the leaded and non- leaded steels used in this 
investigation, and the microstructures of each after heat treat- 
ing to a hardness of 55 RC. Both steels are relatively “dirty,” 
mainly because of silicate inclusions. The microstructure 
of both samples is tempered martensite. 

The impact specimens intended for testing at various tem- 
peratures were heat treated to a hardness of 47 RC. The re- 
sults of the impact tests are shown in Table 4. Since both 
steels showed extremely poor impact strength at even rela- 
tively high temperatures (4 to 5 ft-lb at +250 F),it was not 
considered worthwhile to plot the data. The average differ- 
ence in impact strength between the leaded and non- leaded 
steel is very slight: only about 1/2 ft-lb, at each tempera- 
ture, in favor of the non- leaded steel. 

All of the impact specimen fracture faces were examined. 
fractographically at magnifications up to 500 times. Sur- 
prisingly, everyone was found to be practically 100% shear. 
Shear fractures are usually ductile but not so in this case. In 
every instance, the lack of ductility and the inability to plas- 
tically deform, even at +250 F, was substantiated by little 
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Fig.4— Composite photomicrograph showing cleanliness and 
microstructure at 55 RC 


Table 4 - Charpy V-Notch Impact Test Results 
on Leaded and Non-Leaded SAE 4140 Steel 
at 47 RC Hardness 


Testing Temp. Impact Strength (Ft- Lb) 


F Leaded Non- Leaded 
eent=200 2.0,2.5 1.5, 2.0 
-60 2.0,2.0 2.0,2.5 
80 3.5,3.5 4.0,4.5 
150 3.0, 4.0 3.5,5.0 
250 4.5,6.0 4,0, 4.0 


or no visible lateral contraction in the notch areas of the im- 
pact specimens (see Fig. 5). 

The impact specimens intended forroom temperature tests 
after tempering at various temperatures were heated for har- 
dening in a salt bath, oil quenched, and tempered in a pro- 
tective atmosphere. Three specimens of each steel were tem- 
pered at each temperature. Table 5 lists the hardness ana 
room temperature (89 F) impact strength of each specimen 
after tempering at each temperature. The data show that 
the two steels are equal in their response to tempering. The 
drop in hardness with increasing tempering temperature is 
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Fig. 5 — Fracture faces of charpy V-notch specimens 


very gradual and amounts to 7 RC points over a range of 300 
F (475 to 775 F). The table also shows that the maximum 
average difference in the ability to absorb energy for speci- 
mens tempered at the same temperature is less than 1 ft-lb. 
The maximum increase in absorbed impact energy obtained 
by tempering at 775 F as compared to 475 F was about 2 ft- 
lb for each steel. Visual examination of the impact speci- 
inen fracture faces again showed the anomaly of essentially 
100% shear fractures with very little visible lateral contrac- 
tion, 

Two 0.505 in. diameter tensile specimens were rough 
machined from each material in the transverse direction and 
then heat treated so that one specimen from each steel was 
47 RC and the other was 55 RC. After heat treatment, the 
specimens were finish ground in the conventional manner and 
tensile tested, The results are shown in Table 6. Note that 
none of the specimens developed the ultimate strength which 
the hardness of these steels imply, according to conversion 
tables, There was little or no ductility as measured by the 
elongation and reduction of area results, 

The four fractured tensile specimens were examined vis- 
ually and metallographically to determine the characteris- 
tics which caused such poor results. The specimens had all 
fractured in an unacceptable manner: the two leaded speci- 
mens showed quarter breaks, and the two non-leaded speci- 
mens fractured in the fillet. All four fractures were flat, 
striated, and pithy in appearance. There were no indica- 
tions of any flaws in the specimens. Metallographically, the 
tensile specimens appeared normal with respect to structure 
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Table 5 - Hardness and Impact Strength at 89 F of Leaded and Non-Leaded SAE 4140 Steel 
Charpy V-Notch Impact Specimens after Tempering 


Tempering Impact Impact 
Temp. Strength Strength 
F (Ft- Lb) Hardness RC (Ft- Lb) Hardness RC 
475 4,5 48 3.5 50 
475 3.0 50 3.5 49 
475 3.0 50 3,5 50 
020 3.5 50 
020 3.5 48 
525 4.0 49 
575 3.5 48 
575 4.0 49 
575 4,5 49 
625 5.5 46 4,0 47 
625 3.5 46 5.0 46 
625 3.5 46 4.9 46 
675 4,0 AT 2.5 46 
675 4.0 48 5.0 46 
675 4,0 47 4,0 47 
725 5.90 43 5.0 43 
725 5.0 44 4 43 
725 6.0 4 4,5 47 
6 

ES) 5 43 0 44 
7715 6.0 4d 0.0 43 
T1719 0 aa 5.9 43 


Table 6 - Transverse Tensile Test Results of Conventionally 
Machined and Ground Specimens 


Ultimate Yield 

Strength Strength Reduction 
Specimen Hardness RC psi psi Elongation, % of Area % 
Leaded 47 135, 500 -- -- -- 
Non- Leaded 47 174, 750 -- 0.6 0.4 
Leaded 55 183, 000 == 132 0.8 
Non- Leaded 55 211, 450 209, 700 130 0,4 
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Fig. 6 — Inclusion at surface of transverse fatigue specimen 
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Two additional transverse and two longitudinal specimens 
were machined from the same two steels previously describ- 
ed. After rough machining and heat treating the specimens 


- to the same hardness levels previously investigated, the eight 


spécimens were very carefully finish ground as button head 
tensile specimens and then hand polished toremove any trace 
of surface marks or scratches, The specimens were tested in 
an FGT SR-4 Universal Testing Machine. Two SR-4 strain 
gages were mounted diametrically opposite on each speci- 
men during testing so that the amount of misalignment could 
be measured from the difference between loads on each side 
of the specimen at any measured strain. The maximum de- 
viation on any specimen was 6% of the measured strain, a 
very low value. The results are tabulated in Table 7. 
Note that the very carefully prepared and tested longitud- 
inal tensile specimens did reach the ultimate strength levels 
expected from the conversion of hardness data, Note also 


Table 7 - Tensile Test Results of Specially Finished and Carefully Aligned Longitudinal and Transverse Specimens 


Ultimate 
Strength 
Specimen Hardness RC psi 

Longitudinal Leaded 47 222,000 
Longitudinal Non-Leaded AT 220,000 
Transverse Leaded 47 169, 150 
Transverse Non-Leaded 47 166, 100 
Longitudinal Leaded 55 272,500 
Longitudinal Non-Leaded 55 269, 000 
Transverse Leaded 55 180, 450 
Transverse Non-Leaded 55 169, 150 


Yield 

Strength Reduction 

psi Elongation, % of Area % 
210, 000 7.6 46,4 
206, 000 6.8 47.7 
126,100 Boles 6.5 
125, 850 3.5 3.3 
245, 500 5.8 36.6 
228, 000 te 45.2 
117, 400 Dele Sag 
Li, 200 3.95 6.5 
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(tempered martensite) and absence of decarburization; but 
in the “as polished” condition, both specimens contained in- 
clusions, some at the specimen surface extending into the 
specimen for a depth of 0.0025 in. (see Fig. 6). 

It is well known that conventionai tensile specimens of 
steel at very high strength levels are so susceptible to ma- 
chining marks and slight misalignment during testing that, 
unless extreme precautions are taken during machining and 
testing, the specimens will usually fail prematurely during 
testing. This prevents accurate evaluation of the strength 
and ductility properties. 

The inability of the transverse tensile specimens to achieve 
any significant ductility or the theoretical ultimate strength 
made the above a possibility in this case. In order to de- 
termine the validity of the data and, also, to obtain more 
information, a new series of tensile specimens was prepared, 


that the transverse specimens which were prepared and align- 
ed with equal care are still very much lower in ultimate 
strength than is indicated by their hardness, 

The test results confirm that ductility in the transverse 
direction at comparable strength levels is quite low and in- 
significantly different for both the leaded and non-leaded 
AISI 4140 steel even under the best of laboratory testing con- 
ditions, The longitudinal elongation results are about twice 
as high as the transverse results: 7% in 2 in. as compared 
to 3%, The longitudinal ductilities of the leaded and non- 
leaded steels show no significant difference, 


Discussion of Results 


The fatigue ratio of any steel is usually expressed as the 
ratio of endurance limit to ultimate strength of the steel. 
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Quite often, especially for ultra high strength steels, the val- 
ue for ultimate strength is obtained from a hardness conver- 
sion because tensile testing is costly due to the extreme care 
required in testing steel at high strength levels. This use of 
the hardness relationship to determine the fatigue ratio of 
certain steels at ultra high strength levels is not valid if tests 
are made in the transverse direction because, as shown by 
this investigation, the conventional relationship between 
hardness and ultimate strength does not always apply to ten- 
sile tests oriented in the transverse direction. For instance, 
both the leaded and non-leaded SAE 4140 steels of this in- 
vestigation, at a hardness of 55 RC, had ultimate strengths 
of about 270,000 psi when tensile tested longitudinally but 
only about 170,000 psi when tested transversely. Any fa- 
tigue ratios expressed for transverse test results can be very 
misleading unless tensile tests have established that the lon- 
gitudinal and transverse tensile properties for the steel tested 
are essentially the same. A sample calculation will illus- 
trate this point. The longitudinal tensile test results in Table 
7 show that leaded steel at a hardness of 55 RC had an ulti- 
mate strength of 272,500 psi while the transverse test result 
was only 180, 450 psi. The transverse fatigue strength of the 
leaded steel at 55 RC is shown in Fig. 3 as 44,000 psi. The 
transverse fatigue ratio is, therefore, 


44, 000/180, 450 x 100 = 24.5% (1) 


Some investigators cite the transverse fatigue strength not 


percentage ratio of transverse fatigue strength to longitudi- 
nal fatigue strength. 

The inability of the steels used in this investigation to 
develop their theoretical strength during transverse tensile 
tests is probably the result of inclusions elongated in the 
rolling direction so that they act as stress-raising notches 
when transverse specimens are tested, The same stress -raiser 
notch effect is, no doubt, responsible for the low fatigue 
strength values obtained and the extremely poor impact test 
results, This conclusion concerning the effect of inclusions 
in the transverse direction is validated by the data obtained 
during tensile testing of longitudinal and transverse speci- 
mens with misalignment and surface flaws eliminated as fac- 
tors. 

In the past, transverse tensile tests made by the author on 
SAE 4140 steel, leaded and non-leaded, at a tensile strength 
of 120, 000 psi resulted in elongation and reduction of area 
values of 5-7% and 10-14%, respectively. Normal longi- 
tudinal values at this strength level are 16 and 50% mini- 
mum, respectively. 

Fatigue tests conducted by Prof, A, P. Taber of Syracuse 
University Research Institute on longitudinal and transverse 
specimens of SAE 4340 steel (essentially SAE 4140 with 2% 
nickel added), heat treated to a hardness of 55 RC, showed 
that longitudinal fatigue strength was 101, 000 psi but only 
74,000 psi in the transverse direction. It is evident that nor- 
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mal heats of conventionally produced alloy steel are extreme- 
ly sensitive to the effects of inclusions when tested in the 
transverse direction after being heat treated to high strength 
levels, 

The conclusions drawn are of great practical significance 
for applications where high strength parts are loaded trans- 
versely and are subjected to fatigue or impact loading, Name- 
ly, all the design calculations for transversely loaded pinions 
and gears should be made on the basis of transverse proper- 
ties unless it has been experimentally demonstrated that the 
transverse properties of the material being used do not differ 
significantly from the longitudinal values. 

Since the effect of inclusions is the controlling factor on 
the transverse properties of SAE 4140 steel, it is obvious that 
improvement can only be attained by the use of steel which 
has a minimum number of harmful inclusions, Steel sup- 
pliers will not make this grade of steel on an inclusion count 


basis, It would appear that the best possibility for improve- 
ment lies in the use of a steel which has inherently better 
transverse properties. The previously quoted results of A.P. 
Taber indicate that significant improvement could be ob- 
tained by the use of SAE 4340 steel, A test program similar 
to this one would have to be conducted to determine if the 
improvement applied also to leaded SAE 4340 steel. Another 
alternative for obtaining better and more consistent trans- 
verse mechanical properties would be to use vacuum melted 
alloy steels of the SAE 4140 or SAE 4340 grades which are 
now commercially available. It has been reported in the 
literature that vacuum remelting of an SAE 4340 steel re- 
sulted in an improvement in the ratio of transverse to longi- 
tudinal fatigue strength from an original value of 61 to 81% at 
a hardness of 41 RC. 

It has been stated in the literature of leaded steel produc- 
ers that leaded steel with an ultimate strength of 165, 000 psi 
suffers a reduction of 5-10% in fatigue ratio as compared to 
the same steel non-leaded, Similarly, the reduction at an 
ultimate strength level of 260, 000 psi has been reported to 
be as high as 20%, The data of this work and other work by 
myself and other investigators show that the drop in fatigue 
ratio due to the addition of lead is zero at 110, 000 psi ulti- 
mate strength, 5% at 165, 000 psi ultimate strength, 10. 7% 
at 47 RC hardness, and 16% at 55 RC hardness, Although this 
16% difference appears to be a considerable variance, in ac- 
tuality, it amounts to a stress level difference of about 9000 
psi. This amount of difference could be significant only in 
applications in which the material is stressed almost to the 
endurance limit, or in applications involving very high oper- 
ating stresses for a lesser number of cycles, 


The transverse impact tests showed that neither the leaded 
nor the non-leaded SAE 4140 are subject to brittle cleavage 
failure even at testing temperatures of -200 F, However, 
both steels will fail by brittle shear fracture even at +250 F 
if the principal stresses are in the transverse direction, The 
mode of failure (cleavage or shear) makes little difference 


76 


as long as both are completely brittle. The unusual feature 
of a 100% shear fracture without any ductility or deforma- 
tion occurring during fracture was previously mentioned. It 
is obvious that service temperature and transition tempera- 
ture are not important factors for either the leaded or non- 
leaded steel, The important consideration for gearing appli- 
cations is that when transverse properties are critical, the 
design stresses, regardless of whether they are torsional, im- 
pact, or tensile, must be calculated with the low limits of 
the transverse properties as a basis for safe design. 


Difficulties of Applying Research 
Studies to Engineering Practice 


Dr. H. E. Merritt 
Consulting Engineer 


GEAR ENGINEERING, for new design work, is based largely 
upon analysis of past and current practice, and is essentially 
empirical, For example, gear engineers avoid making high- 
ly stressed pinions from bar stock, recognizing by experience 
and intuition the lower transverse properties to be expected. 

In striving to put gear design upon a more absolute basis, 
one seeks to make use of test data such as those presented by 
the author, The most important aspect is that of fatigue, and 
it is unfortunate that, out of the mass of literature on the sub- 
ject, fatigue data directly applicable to gear design are mea- 
ger in the extreme. The properties of case-hardened and 
machineable steels used in the industrial field have been less 
studied. 

It is generally recognized that comparable values of the 
fatigue strengths of different materials when used for a par- 
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ticular component, can be obtained only by using test pieces 
of substantially similar form and stress- pattern to the com- 
ponent in question, To the gear engineer, the wide- spread 


‘use of the rotating-beam fatigue test has been most unfortu- 


nate, Gear-teeth operate in plane bending, usually nondi- 
rectional, and in the writer's experience the results obtained 
from rotating beam tests differ so markedly from those ob- 
tained under plane bending tests on gear-tooth specimens 
that they must be rejected as a basis for design. This does 
not invalidate the author's comparative data on leaded and 
nonleaded forms of the same basic steel, but it limits some- 
what their use as design criteria. 

Another regrettable circumstance in the literature is the 
varied practice in plotting fatigue data by S-N curves, Some 
use a semi-log plot, as the author does; others use a log-log 
plot. Several practical advantages attend the latter. For 
steels in general, a log-log plot gives a closer approxima- 
tion to a straight line, and its equation can be written down; 
its slope is a very significant factor in design, although just 
what it signifies still remains in doubt. In designing short- 
life gear sets, stressed with variable cyclic amplitude above 
the endurance limit, a log-log plot can be used very con- 
veniently in association with Miner's law of cumulative fa- 
tigue damage. 

Another comment is that it is quite rare to encounter gear 
applications which will be subjected to true impact loading, 
as distinct from suddenly-applied loading. Consequently, 
impact values can generally be ignored except, in particular 
cases which indicate abnormality in the steel. 

A growing problem, in a world of ever-increasing appli- 
cation, is to bridge the gap between research studies and en- 
gineering practice, It is from this point of view that the fore - 
going observations are offered. 


IN THE PAST YEARS, a number of vehicle noise and vibra- 
tion problems have been encountered at Ford Motor Co. 
which have been classified as powerplant bending. Contacts 
with vibration engineers from other automotive companies 
have indicated that all vehicles equipped with conventional 
Hotchkiss or torque tube drivelines are prone to this malady. 
Powerplant bending is the vibratory bending or beaming of 
the structure formed by the engine block, clutch housing, 
transmission, and transmission-extension. The bending oc- 
curs primarily in the vertical plane as described by Fig. 1. 
It may be difficult to conceive that this structure, which ap- 
pears so rigid, could bend; but when these rigid structures 
vibrate at their resonant frequencies in the vicinity of 100 
cps, amplitudes of vibration approaching a maximum value 
of 25/1000 in. are attained. Structural fatigue problems 
attributable to this phenomenon have never beenexperienced 
but it can produce one or more critical speeds at which the 
car is disagreeably noisy. 

This problem was noticed originally in 1949 on the first 
postwar Ford to use a Hotchkiss drive. Following this early 
experience with powerplant bending, major model changes 
have sometimes produced new versions of the same problem. 

After first encountering powerplant bending, it was ob- 
served that the vibration response of the powerplant alone 
is altered when combined with the driveshaft. Driveshaft 
whip speed (critical speed) studies made concurrently re- 
vealed that whip speed was influenced by the vibration re- 
sponse of both the powerplant and rear axle carrier. The 
obvious conclusion was that both powerplant bending and 
whip speed were manifestations of bending vibrations of the 
complete drivetrain or powertrain (see Fig. 2). 

Since the greatest potential for structural changes is pos- 
sible in the powerplant assembly and since changes to the 
powerplant usually strongly influence the response of the 
complete drivetrain, this presentation will concentrate on 
the structural group of the engine block, clutch housing, 
transmission and transmission extension, 

An extensive survey of past literature has disclosed no 
solutions to the problem of powerplant bending, although 
this subject is mentioned by several authors, Therefore, 
the major objective of this presentation is to describe known 
methods of identifying and curing noise problems arising 
from powerplant bending. 


Identificatiun of Powerplant Bending 


In the development of a passenger car it is necessary to 
build and test many experimental prototypes. These pro- 
totype vehicles are usually subject to much more noise and 
vibration than the final design. When the car is accelera- 
ted at wide- open-throttle up through its speed range, its 
interior total noise level will generally increase as the car 
speed increases as shown by Fig. 3. This graph also shows 
that the noise level will peak at certain speeds. For the 
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Fig. 2 — Drivetrain bending 
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Fig. 3 — Car interior noise, wide open throttle acceleration 
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Fig. 4 — Period noise 


purpose of analysis, the components of the total noise are 
divided into two categories (see Fig. 4): 


1. Background noise, comprised of wind, road and ma- 
chinery noises, which gradually increases with car speed. 

2. Pure Tone noise, due to a component resonance, 
which peaks at certain car speeds. 

Automotive engineers refer to the car speeds at which 
such pure tone noises occur as period speeds and define the 
tonal sounds as periods, Noise caused by powerplant bend- 
ing is a period type of noise. 

When the vibration engineer receives the prototype ve- 
hicle, his first task is to identify the component or compo- 
nent group that is contributing to or influencing each noise, 
There are four major types of tests or criteria that he can 
apply to relate the noise to its component group. 

1, The frequency (or frequencies) of the noise or vibra- 
tion, 

2. The torque sensitivity of the noise or vibration, 

3. The effect of a change to the suspected components, 

4, Vibration measurements of the suspected components 
while the period is being produced. 
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Fig. 5 — Alignment chart 


A useful tool for the frequency test is the Alignment Chart 
shown by Fig. 5. This is a graph of Frequency versus Car 
Speed for the various possible sources of excitation, Fre- 
quencies for 1st, 2nd and 4th order engine, plust 1st and2nd 
order driveshaft have been plotted against car speed. These 
excitation frequencies respectively correspond to engine un- 
balance, torque variations, firing impulses, driveshaft un- 
balance and universal joint couples. The generator 1st or- 
der has also been plotted, corresponding to generator un- 
balance, to emphasize that accessories are also possible 
sources Of excitation, 

The bending natural frequencies of most drivetrains lie 
between 60 and 100 cps. A horizontal band has been drawn 
between these frequencies across the Alignment Chart, From 
the regions that the excitation frequencies cross through the 
60 to 100 cps band, it can be seen that powerplant bending 
could occur at almost any speed. 

The frequency of a noise or vibration can be obtained 
by analysis of a tape recording of the car interior. For on 
the spot analysis, however, a battery-operated frequency 
graduated oscillator and headset may be all that isneeded. 
If the period noise is loud enough, its frequency can be de- 
termined by adjusting the oscillator signal to the period fre- 
quency. When the two tones are 2 or 3 cps apart, an easily 
recognizable beat occurs. 

The torque sensitivity of a noise or vibration period is 
the increase or decrease of the period intensity with an in- 
crease or decrease of engine torque as the car and engine 
speed remain essentially unchanged. This can be described 
graphically using a version of the original graph of noise 
level versus car speed, (See Fig. 6). When the torque is 
reduced, the 12 and 30 mph noise peaks disappear and these 
lower speed periods are defined as torque sensitive. Since 
the 56 mph noise peak remains at road load and coast, the 
high speed period is not torque sensitive. 

For powerplant bending, torque sensitive forces could 
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Fig. 6 — Car interior noise 


originate from firing impulses, variations of firing impulses 
(torque variations) and universal joints, The periods caused 
by unbalance seldom vary with torque. 


If a structure change in the drivetrain system produces 
a change in the intensity of the period or the speed at which 
it Occurs, powerplant bending should be suspected. Arou- 
tine test is to loosen the lower bolts between the transmis- 
sion and clutch housing or the clutch housing and engine 
block, If this influences the period intensity to any extent, 
powerplant bending is suspected. 

With the bump rig facilities shown in Fig. 7, it is pos- 
sible to measure the vibration of various components on the 
car at each of the period speeds, For this component vibra- 
tion identification test, two other criteria must be satisfied: 

1. The component vibration must be the same frequency 
as the period noise, 

2. The component vibration must appear and disappear 
with the period noise (for example, by slightly increasing 
or decreasing car speed). 

For powerplant bending the mode of vibration of the com- 
plete drivetrain can be used to define the problem, This is 
usually the final test for identification. The nonrotating 
components such as the engine block, clutch housing, trans- 


mission, transmission-extension and the rear axle housing 


can be probed with conventional vibration pickups. Probing 
along the rotating driveshaft is accomplished by means of 
the Optron shown in Fig. 8. This device employs a servo- 
driven beam of light to follow the displacement along the 
driveshaft, making it possible to measure the driveshaft's 
deflection while it is rotating. 


Vibration Analysis 


In general, powerplant noise or vibration is reduced by 
one or more of the following methods: 

1. Reducing the system's response by changing its reso- 
nant frequency or increasing its damping. 

2, Reducing the input excitation. 

3, Isolating the vibration from the body. 
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Fig. 7 — Cutaway of bump rig facility 


Fig. 8 — Optron for measuring vibratory displacement by servo- 
driven light beam 


The details of these reduction methods are discussed in 
later sections of this paper. The purpose of this section is 
to outline the analytical techniques available to study the 
vibration response of the drivetrain structure. 

When analyzing the drivetrain it is convenient to break 
it down into subsystems of the powerplant, driveshaft and 
rear axle carrier, as shown in Fig. 9, Analysis of these sub- 
systems and their interaction permits the drivetrain designer 
to redesign the components to obtain the best drivetrain nat- 
ural frequencies, 
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The theoretical techniques available to perform this an- 
alysis are beam theory and mobility (or impedance) con- 
cepts. These techniques are augmented by digital compu- 
tors, electro-mechanical shakers, and noise and vibration 
instrumentation. The effect of driveshaft rotation does not 
invalidate the beam equations, and the drivetrain structure 
is generally considered to behave as a beam of irregular cross 
section, 

Mr. Staffeld (6)* demonstrated how to successfully com- 
bine beara theory with the digital computer to give the drive- 
train modes and bending natural frequencies based only on 
designinformation. It is recommended thatengineers con- 
cerned with the structural design of drivetrain components 
should make use of the concepts presented or suggested in 
this excellent paper. 

If experimental components are available, an electro- 
mechanical shaker can be used to obtain their individual, or 
assembled, vibration responses (see Fig. 10). Care must be 
taken to closely simulate the conditions of the drivetrain 
when it is running in the car. For example, with a standard 
transmission, the axle is normally locked and air pressure is 


*Numbers in parenthesis designate References at end of 
paper. 
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Fig. 9 — Subsystems of a drivetrain 


Fig. 10 — Bed plate test set-up to obtain drivetrain vibration 
response 
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applied to one.of the engine cylinders to take the backlash 
out of the splines and gears. 


The subsystems can be vibrated separately to determine 
their individual junction mobilities. Fig. 11 gives Mobility 
versus Frequency for a typical powerplant and driveshaft at 
the front universal joint junction. (For reasons apparent lat- 
er, the driveshaft values have been multiplied by minus one). 


Mobility is defined as the ratio of the vibratory velocity 
of a system response to an imposed vibratory force. Thus, 
it is the reciprocal of mechanical impedance and is used to 
define the response of a mechanical circuit analogous to 
electrical impedance concepts used for electrical circuits. 


From this graph it is found that the bending natural fre- 
quencies are 90 cps for the powerplant structure and 130 cps 
for the driveshaft. The 130 cps driveshaft mode corresponds 
to a Hinged-Free beam, whose frequency is approximately 
55% above the Hinged-Hinged assumptions conventionally 
used to determine the driveshaft critical frequency. This 
55% is constant, however, and the variations of diameter, 
length and so forth that influence the critical speed vary the 
Hinged-Free frequency response by the same percent. 


Resonance of the complete system occurs when the junc- 
tion mobility of one subsystem equals the negative of the 
other. Since, in Fig. 11 this occurs at 82 and 111 cps, drive- 
train resonances are expected to occur at these frequencies. 
With the drivetrain actually assembled, the resonant frequen- 
cies were 78 and 108 cps, or within 5% of the predicted fre - 
quencies. 


Closer examination of Fig. 11 indicates that raising the 
driveshaft frequency would increase the first drivetrain nat- 
ural frequency only slightly. That is, to obtain a sizable 
increase in this particular drivetrain's natural frequency, it 
would be necessary to first raise the powerplant bending fre- 
quency. 
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CURES FOR POWERPLANT BENDING NOISE PROBLEMS 


Structural Modifications 


One cure for bending would be to increase the drivetrain 
natural frequency above 320 cps so that the 3rd order engine 
excitation would not excite this system in the engine speed 
range. Close examination of the dynamic bending curve 
(Fig. 1) shows that certain drivetrain components, such as 
the engine, clutch, and transmission have very small deflec- 
tions over their lengths and, furthermore, that the joints be- 
tween these components act somewhat as hinges. Thus, large 
increases in natural frequencies should be obtained by reduc- 
ing or eliminating these joint deflections by such means as 
the gusset used to reinforce the clutch housing to engine 
block joint shown in Fig. 12. Additional stiffening of in- 
dividual structural components has little effect on increasing 
the powerplant bending natural frequency as long as no joint 
change is made. 

It is believed that the following three basic design para- 
meters should be part of future conventional powerplant de- 
signs when an increased natural frequency is desired. 

1. The slope of the structural bending curves should not 
change abruptly at the joints. 

2. The structural material of the powerplant should be 
kept as far from the neutral axis and have as few changes as 
possible in load path direction. 

3, Joints should be eliminated when possible by combin- 
ing adjacent component housings. 

These parameters are currently being incorporated into 
a combined clutch housing, transmission and transmission- 
extension structure to determine the maximum limitations 
for this concept. A mockup of this design isshowninFig. 18. 

In rare instances lowering the drivetrain natural bending 
frequency may be necessary to obtain the desired results. In 
this case the three design parameters should be ignored or 
their opposites applied. 

Generally, however, the natural bending frequency is 
made as high as possible. A prime goal is a frequency high 


Fig. 12 — Experimental gusset to stiffen joint between clutch 
housing and engine block 
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enough to keep the first order driveshaft unbalance frequency 
from exciting the drivetrain in the car's speed range. 

Car chassis and bodies are also vibrating systems, respond- 
ing to powerplant bending vibrations transmitted through the 
mounts and other connecting members. In some instances 
car bodies were found to be extra sensitive to powerplant bend- 
ing vibrations. This extra sensitivity stems from body structure 
resonances which, because of their proximity to powerplant 
bending frequencies, reinforce the transmitted vibrations. 

To reduce this sensitivity it is necessary to modify the 
body. Increased rigidity may be achieved by adding new 
body structural members or strengthening existing members. 
The mount attachment areas are particularly critical. Mov- 
ing the mount bracket to a different transverse location has 
on occasion produced measurable improvements. 

Panel deadening may also provide some slight help, but 
this treatment should be left as the final touch. 


Excitation Reduction 


As pointed out earlier, the output vibration magnitude 
can be reduced by reducing the input forces. The following 
discussion concerns several typical inputs and (where possible) 
suggests methods to reduce them. 

Engine Unbalance, (1st Order Engine) - The unbalance 
forces in inherently balanced engines can be reduced by im- 
proved quality control. This may mean modifying a bal- 
ancing method, that is, balancing the engine in the vertical 
plane instead of the horizontal plane. Inherently unbalanced 
engines may require counterweighted shafts or gear sets. 

Torque Variation (1/2, Ist, 1-1/2, 2nd, etc. Order En- 
gine) - These torque variations are the result of one or more 


cylinders firing more strongly or weakly than the average of 
all cylinders. Reduction is achieved by improved induction 
or ignition systems. 

Engine Firing Impulses (4-cyl. - 2nd order engine; 6-cyl. 
- 8rd order engine; 8-cyl. - 4th order engine) - The mech- 
anism of how these always-present vibratory forces cause the 
powerplant to bend is not completely understood. Measure - 
ments of instantaneous bearing cap loads, as shown in Fig. 
14, have revealed that impact forces exceed 1500 lb. One 
hypothesis is that the shock waves generated from these im- 


Fig. 13 — Experimental mock-up of structurally combined clutch 
housing, transmission, and transmission extension 
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pacts are transformed into structural bending, particularly 
when the impacts occur at the structure's naturalbending fre- 
quency. A different hypothesis includes the flexibility of 
the crankshaft in bending as an important coupling of the 
firing impulses to structural bending. Some improvement 
may be obtained by decreasing the main bearing clearances 
and/or stiffening the crankshaft. 

Driveshaft Unbalance (1st Order Driveshaft) - Whipspeed 
is strongly influenced by moments generated by internal un- 
balances which lie dormant until the speed range is reached 
at which the driveshaft no longer behaves as a rigid body. 
Nodal point balancing (that is, locating the counterweights 
at the free-bending nodes) will help avoid introducing these 
additional internal moments and reduce the tendency of the 
driveshaft to bow. 

Universal Joints (2nd Order Driveshaft) -Bending inputs 
arising from universal joint side couples can be reduced by 
altering the angle of either the first or second joint behind 
the transmission-extension. It is the arrangement of the joint 
angles during high torque that is important to the forces gen- 
erated, not the configuration with the car at rest. Improved 
joint angles may be determined experimentally or analytic- 
ally. If these cannot be changed sufficiently, a carefully 
positioned snubber above the pinion nose may be necessary 
to provide joint angle control. Installation of a constant 
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Fig. 14 — Rear main bearing impact loads 


Fig. 15 — Experimental reinforcement rods added to powerplant 
structures to increase bending natural frequency 
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velocity universal joint at one or both ends will also reduce 
the universal joint couples. 

Accessories - Inputs from accessories should be considered 
on an individual basis. There is no general approach except 
to assure that good design practice and quality control has 
been applied to items such as the generator, power steering 
pump, and air conditioning pump. 


Isolation of Powerplant Bending Vibration 
from Vehicle 


At times it is impractical to eliminate the drivetrain ex- 
citing forces or modify the system to change the resonant 
bending frequency. Under these conditions it becomes nec- 
essary to isolate the vibration from the vehicle. Since en- 
gine mounts are the primary vibration paths from the drive- 
train to the vehicle, they are usually the first component in- 
vestigated. 

Powerplant bending implies that at least two bending 
nodes exist on the powerplant. These nodes are points of 
relatively small amplitude and are, therefore, optimum 
transverse locations for engine mounts. Since it is not al- 
ways possible to position the mounts directly in the transverse 
plane of the nodes (which are usually experimentally deter- 
mined), they should be located as close as other factors will 
permit. 

Another approach is to reduce the amplitude of the vi- 
bratory forces transmitted through the engine mount. Power- 
plant bending amplitude at resonance is a function of the in- 
put force and the internal system damping. Changes in the 
conventional engine mount dynamic spring rates will not ap- 
preciably change the bending amplitude. Thus, it is reason- 
able to conclude that reductions in spring mount rate for a 
given bending deflection will reduce the transmitted forces, 
since: 

Transmitted Force = Engine Displacement x Mount Dy- 

namic Spring Rate (Approximately) 
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Fig. 16 — Noise reduction achieved by reinforcing powerplant 
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One limitation to both approaches is that the engine 
mounts must satisfy other conditions. The rates needed to 
reduce car shake do not always give sufficient isolation to 
bending vibrations. 

Undoubtedly, there will be times when perfect engine 
mounts will not eliminate the objectionable powerplant vi- 
brations from reaching the passenger. In these cases, the 
vibration will enter the body by some other vibration path. 
It then becomes necessary to provide further isolation for 
these other paths between the drivetrain and body. Low rate 
spring connections may not be practical for rear spring and 
shock absorbers, and it may be necessary to use a subframe 
or increase the body mass at the attachment areas. 


Specific Cures for Powerplant Bending 


The noise and vibration due to power plant bending in 
the 1949 Ford was later eliminated by substituting a ferrous 
casting clutch housing for the stamped clutch housing. This 
change improved the car by accomplishing the four follow- 
ing functions: 

1. It increased the speed of the high speed (driveshaft 
unbalance) period above the driving range. 

2. It moved the lower speed periods firing impulses and 
universal joints) away from critical body resonances. 

3. It reduced the amplitude of bending. 

4. It moved the node closer to the mount position. 

Powerplant bending was later encountered on one of the 
first unitized constructed vehicles. Prototype models of this 
car were found to have several severe noise periods ranging 
from 600 to 1100 engine rpm. An additional period occur- 
red on the road at the speed of 60 to 70 mph. An investi- 
gation revealed that the lower speed periods were ti.e results 
of several of the accessories exciting powerplant bending. 
The 60 to 70 mph period was also powerplant bending ex- 
cited by 2nd order driveshaft. Thus, it was decided to work 
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Fig. 17 — Noise reduction achieved by period balancing drive- 
shaft and crankshaft 
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on the system rather than the individual inputs. The response 
of the system was detuned by the addition of a dynamic ab- 
sorber tuned to the frequency of the drivetrain (60 cps). This 
produced a marked improvement in the passenger compart- 
ment noise without introducing additional noise peaks at oth- 
er speeds. 

In a recent prototype, powerplant bending was found to 
cause an objectionable interior noise at 80 mph. This was 
traced to drivetrain bending, excited by unbalances of both 
the crankshaft and driveshaft. 

Since the period occurred just below the top speed one 
suggestion was to increase the powerplant rigidity, increas- 
ing the resonant frequency so that the period would occur 
above the speed range. To simulate this rigidity, the re- 
inforcing structure shown in Fig. 15 was superimposed on the 
production powerplant. This raised the critical speed from 
80 to 93 mph. Fig. 16 compares the Interior Sound Level 
versus Miles Per Hour. Although this approach was success- 
ful it was too close to production time to incorporate the 
needed changes and further methods of improvement were 
sought. 

Since this period was excited by unbalances from both 
the engine and propeller shaft, both components were 
balanced at the speed of the period. This was accomplish- 
ed by running the components in the car and balancing them 
to withir less than 1/10 of an oz-in. Fig. 17 compares the 
interior sound levels before and after the period balancing 
operation. Although this treatment was also successful, the 
balancing speed and accuracy required to eliminate the noise 
were not practical for production. 

An experimental rear engine mount and bracket located 
at the nodal point as shown in Fig. 18 was designed and in- 
stalled. The noise reduction results, shown by Fig. 19, were 
highly encouraging. This experimental mount design was 
later modified slightly and incorporated into the final pro- 
duction design. 


Fig. 18 — New mounts and bracket relocated at rear nodal plane 
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Fig. 19 — Noise reduction achieved by nodal mount 


An interesting phenomenon encountered during these tests 
was the effect on the period of an oversized transmission - 
extension bearing. A small increase in the bearing clear - 
ance apparently permitted the propeller shaft to revolve with 
a slight eccentricity without disturbing the powerplant. Sub- 
Sequent tests with this discovery showed that the interior 
noise level decreased with increasing bearing clearance as 
shown by Fig. 20. In combination with the nodal mount de- 
scribed earlier, a 10/1000 in. oversized extension bearing 
virtually removed all trace of the high speed vibration, (see 
Fig. 421). 

A specific case of body structure revision affecting the 
powerplant bending noise was also encountered on this same 
car. Road tests indicated that floor panels were contribut- 
ing to the high speed noise peak so that floor reinforcing 
rails, which originally terminated at the front seat, were ex- 
tended to the rear axle kickup. These reinforcing members 
(which decreased the span of the rear floor panels by approx- 
imately 1/2) decreased the total rear seat noise by several 
decibels. 


Summary 


It has been shown that, once it is properly identified, 
powerplant bending noise problems can be cured by modi- 
fying one or more of the following: 


1. Vibration input. 

2. Drivetrain structure. 
3. Drivetrain mounting. 
4. Body (or chassis). 


Other factors remaining equal, experience indicates that 
it it generally better to alter the system rather than attempt 
to reduce inputs. This is true particularly when the system 
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Fig. 20 — Noise level versus extension bushing clearance 


is responding to several inputs. In one case a system modi- 
fication eliminated several periods. 

Generally, individual improvements will be additive. 
Thus, a sizeable reduction of powerplant bending noise could be 
obtained by combining several lesser individual reductions. For 
example, imagine that four individual modifications result- 
ed in a 3 db reduction apiece. Since a 3 db change is dif- 
ficult to detect by ear, personal observations of each modi- 
fication could indicate that no improvement has occurred. 
If made simultaneously, however, these four modifications 
would reduce the noise by 12 db which could make the car 
completely acceptable. 

Thus, these small, sometimes unnoticed improvements 
emphasize the need for accurate sound measuring instrumen- 
tation and facilities for controllable test conditions. 
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Discussion 


Handling Structural Problems 
on a Systems Basis 


David C. Apps 
General Motors Corp. 


IT IS NOT too long ago that static testing represented the 
chief approach to structural problems. Static deflections, 
for example, measured on a body structure were taken as 
indices of structural adequacy, and as might be expected, 
some surprises were often in store during road tests of these 
structures. It is no more possible to predict dynamic per- 
formance from static measurements of a car than it is pos- 
sible to predict dynamic performance of a simple mass- 
spring system by measuring the spring stiffness only and ig- 
noring the mass. 


Messrs. Bollinger and Ruhl’s paper gives an elegant use 
of experimental procedures combined with analytical ap- 


proaches. Bollinger and Ruhl pay respect to Mr. Staffeld of 
Chrysler, noting that he was able to predict drivetrain bend- 
ing frequencies from design information only. The author's 
proceed by saying "If experimental components are avail- 
able, a shaker can be used to determine their individual or 
assembled vibration responses. " 

If I may be allowed to prophecy or two, I have no doubt 
that in the not too distant future, we will be handling the 
problems discussed, and those alluded to, on a systems basis. 
The engine and its mounts, the car structure as related to 
shake, and drivetrain beaming and torsional characteristics 
will undoubtedly be handled as a system. It would appear, 
too, that with the start already made, the system character - 
istics will ultimately be predicted from paper designs. 

I feet that here lies the real future in automotive dynam- 
ics: the prediction from a paper design of the dynamic per- 
formance of a system. ,In this way, costly mistakes can be 
avoided and a modified design substituted early in the his- 
tory of the product. 


A Radioactive Tracer Study of 
Lubricating Oil Consumption 


INFORMATION in the literature on piston ring phenomena, 
including lubricating oil consumption, was relatively abun- 
dant prior to the end of World War II and the widespread in- 
troduction of the turbine engine. (1)* Since then it has be- 
come relatively scarce compared to other reciprocating en- 
gine phenomena. The reasons for this situation are related 
to two factors: 

1. The decrease in emphasis occasioned by phasing out 
of aircraft piston engines. 

2. The difficulty which is entailed in obtaining data on 
oil consumption. 

Measurement is made difficult principally by the minute 
rate of consumption which is encountered in the range of 
practical consideration. For example, a presently accept- 
able rate of lubricating oil consumption in a 5 qt capacity, 
8-cyl engine amounts to approximately 1 qt per 1000 miles, 
or about 1 cc per mile. Converting this to a number which 
might better suit research purposes, this level of consump- 
tion corresponds to a rate of approximately one part in 1000 


of total crankcase oil charge per cylinder per hour at 30 mph. 


Reciprocating engine lubricating oil consumption usually 
has been determined by the application of what can becalled 


*Numbers in parenthesis designate References at end of 
paper. 
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a differential method of measurement. This is done either 
on a batch basis, (2) where the oil is periodically removed 
from the engine and weighed, or on a continuous basis where 
the oil is stored on a balance or scale externally of the en- 
gine. (3) Considering the limitation in accuracy of weighing, 
both of these methods are subject to a number of critical 
drawbacks, including. 

1. The excessive time necessary for a single determin- 
ation. 

2. The low reliability resulting from the consumption 
rate being a small proportion of the total weight. 

3. Oil leakage which is a complicating factor if it is 
significantly large. 

4, Masking of transient phenomena. 

5. Variable holdup in the engine. 

In addition, the differential weight method does not ac- 
count for the influence of foreign material, either solid or 
liquid, which originates from the fuel and contributes to er- 
roneous indication of oil consumption rate. 

These are reasons then why research into the phenomena 
associated with oil consumption has been sparce and often 


RADIOACTIVE TRACER STUDY OF LUBRICATING OIL CONSUMPTION 


subject to argument. Considerable of the information which 
is available is commendable because, among other reasons, 
it has resulted from long, arduous and tedious experiment. 


Tritium Tracer-Scintillation Counter Technique 


An expeditious way to investigate lubricating oil con- 
sumption, and the scheme which was used for the purposes 
of this research, is to tag the lubricating oil with a radioac- 
tive tracer and to count the activity at all of the exit routes 
by which the oil or its degradation products leave the en- 
gine. A number of tagging schemes are possible, including 
the use of carbon-14 (C14) and tritium (H3). A method for 
the use of tritium tagged lube oil was developed by Shell De- 
velopment Co. (4,5, 6) The method was adapted for this in- 
vestigation. Arguments with regard to reasons for the choice 
of tritium as the radioactive tracer may be found in the a- 
bove references and will be dwelt upon briefly here. 


Tritium (1/2-life of 12.5 years) can be incorporated 
chemically through the simple expedient of using it in gas- 
eous state to hydrogenate a slightly unsaturated lubricating 
oil. This is done in the presence of a simple nickel catalyst 
and at high pressure, with the tritium well diluted with hy- 
drogen. A drawback, on the other hand, is that tritium e- 
mits only low energy beta particles, and while this low en- 
ergy emission is a desirable characteristic from the stand- 
point of safety, special instrumentation must be used for the 


detection of the emission. This problem has been solved 
successfully by using a liquid scintillation counter technique 


(4, 9). 

The liquid scintillation counter method used in this re- 
search will be briefly described here. The principal feature 
of the method is the ability for the 8 energy liberated by H3 
to be transformed into light emission in a scintillator solu- 
tion in which it is contained. Each such emission results in 
a single light pulse of short duration which can be detected 
by a photomultiplier tube. Since the energy level of the 
light flashes from the scintillator are extremely weak, they 
are seen by the photomultiplier tube at about the same level 


as its own thermionic photocathode emissions (noise). To 
eliminate the larger part of this noise, two photomultipliers 
are utilized, viewing the sample at right angles, and a cir- 
cuit is supplied which counts only the coincident pulses at 
an energy level approximating that of the tritium emission. 
With a coincident resolving time of about 0.2 microseconds 
and with operation at 0 to -10 C (to further lower thermionic 
emission) and careful selection of photomultiplier tubes for 
low noise level, it is possible to count samples very ad- 
quately with relatively modest tritium concentrations. 

A sample containing H® which is to be counted, usually 
1 ml of either the lubricating oil or water, is added to a liq- 
uid phosphor. Standard phosphor solution in this research was 
65 ml of 67% vol toluene and 33% vol ethyl alcohol, contain - 
ing 4 gr/liter diphenaloxazole and 15 mg/liter diphenylhex- 
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atriene, the latter to shift the wave length of the resultant 
light pulses to a more advantageous part of the spectrum. Be- 
cause the light ultimately emitted is very weak, the count- 
ing must be done in total darkness, and the samples must al- 
so be dark adapted for at least 20 to 30 minutes in order to 
allow decay of the fluorescence excited by sunlight. Count- 
ing is done in a simple, small commercial refrigerator to 
reduce the temperature and photomultiplier noise, and sim- 
ultaneously it serves as an excellent light-tight box. 

As noted, only 1 cc of the organic or inorganic liquid 
sample containing tritium is required to make a determina - 
tion of activity. When burned, the consumed lubricating 
oil yields the tritium incorporated into water; the unconsum- 
ed portions contain the tritium in a relatively volatile or- 
ganic material, either totally or partly unoxidized. A fur- 
ther desirable consequence of using tritium is thus an ability 
to easily distinguish the totally burned from the partly burn- 
ed products of lubricating oil consumption. This is accom- 
plished by collecting and rating two samples, one consist - 
ing of condensed water in the untreated exhaust or blowby 
and the other which has first passed through an oxidizing fur- 
nace before being condensed. 

Engine and Operating Conditions - A standard. single cyl- 
inder, 3-1/4 in. by 4-1/4 in. overhead valve CFR engine 
with a special piston and pinned rings (two coimpression and 
two oil) was used to obtain all the data reported here. Ex- 
cept where noted, the engine was usually operated at 18UU 
rpm, normally aspirated, and with room air supplied for 
combustion. Spark advance was nominally 35 deg btce. and 
compression ratio 6:1. The crankcase was not vented but 
was maintained at a vacuum of about i/2 in. waterless than 
atmospheric. Fuel-air ratio was near chemically correct. 

Preparation of Sample - The oil sample was prepared as 
follows: A 100 HVI oil was chromatographically separated. 
The monoaromatic fraction was then hydrogenated with hy - 
drogen diluted tritium. and the resulting tagged fraction was 
blended back with the other fractions. The treated oil cor- 
responding to an SAE 5W viscosity was substantially identical 
to the original, except for the added radioactivity and the 
slightly higher saturation. A concentration of 65 millicuries 
of tritium per 2500 gr of oil was found satisfactory for carry - 
ing out the research which will be described. Under the con- 
ditions of investigation, the coincidence counting technique 
was also found satisfactory at a 3 to 5% efficiency level. 
(Subsequent to this investigation, the efficiency of counting 
has been increased to a level of approximately 12%. ) 

Technique and Sampling Procedure - As noted previously. 
only 1 cc of oil or water sample is required for a determi- 
nation of radioactivity. Furthermore. even at very low lube 
oil consumption rates, dilution of lubricating oil degrada - 
tion products in either the exhaust gases or blowby gases is 
not sufficient to interfere with the ability of the scintillation 
counting method to discriminate the variation in concentra - 
tion of tritium. These two factors together allow the rate 
of lubricating oil consumption to be determined by collect- 
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Fig. 1 — Diagram of sampling system 


ing and condensing only 1 cc of the water and combustion 
products in either the blowby gases or the exhaust stream 
Only a small fraction of the exhaust gas needs to be condens- 
ed for satisfactory short period determinations, but normally 
all of the blowby has to be so treated. A collection period 
of about one minute is usually sufficient for obtaining a sin- 
gle sample. 

Exhaust gas was collected directly from the exhaust stream 
at the exit from the engine through a probe which was in- 
serted into the center of the exhaust pipe. All of the blowby 
was passed through a similar collecting scheme. A diagram 
of the system is shown in Fig. 1. 


The amount of oil leaving by way of the exhaust is ob- 
tained by a direct determination of the radioactivity of the 
water of combustion. Most of the water of combustion comes 
from the fuel. Much less than 1% comes from the lubricant. 
The fuel composition determines the ratio of water of com- 
bustion to fuel flow rate. Thus it is most important to ob- 
tain accurate measurement of fuel flow rate. This was done 
by a weight displacement method. Fuel flow determina - 
tions were made as simultaneously as possible with collec - 
tion of the exhaust of blowby samples. 

The computational procedure is shown in the Appendix. 
As can be seen it is necessary only to know the fuel com- 
position, approximate lubricant composition, fuel flow rate. 
and crankcase lubricating oil activity level. For ease of 

. computation, isooctane was used as fuel for the majority of 
the tests. To put the results on a comparative basis, period- 
ic determinations were made of the count rate on knownac- 
tivity level standard samples. 


A correction was necessary to account for the water which 
was not condensed at the 32 F temperature of the condenser 
system. For computational purposes, it was assumed that 
the gases leaving the condenser were saturated with water at 
32 F, At this temperature. the amount of water which will 
pass through the condenser is only 4% of that usually present 
in the exhaust or blowby stream, and corrections were made 
accordingly. 

Unburned or partly burned fuel and lubricant were treated, 
where their proportionate presence Was to be determined, by 
passing through a copper oxide matrix, supplied with oxygen. 
and were as a result converted to water and carbon dioxide. 
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Comparison between Tracer and Weight 
Determined Oil Consumption Rates 


For determination of the reliability of the tracer tech- 


"nique, a direct comparison had to be made to a periodic 


weight determination of the drained oil. The oil was weigh- 
ed on a balance with least count of 1 gr. Although carried 
out with extreme care, this methodof oil consumption meas- 
urement suffers from the previously listed problems and from 
the time consumed. For example. even with the standard- 
ized drain procedure the oil consumed during a particular 
run could indicate considerable variation. This amounted 
to as much as 10 gr under some conditions where consump - 
tion was only 2 gr per hr. 


Comparative results between weight method of determi- 
nation of oil consumption rate and tritium tracer technique 
are shown in Fig. 2. The trend of the rate of oil consump- 
tion curves reflects the fact that the engine was undergoing 
break-in during the period shown. Even so, acceptable level 
of agreement is indicated between the isotope method and 
weight method, particularly if the cumulative consumption 
curves are compared. It is also interesting to observe that 
while the indicated rates are far from being identical, the 
radioactive technique method shows the more believable 
trend throughout the break-in period in which the compari- 
son was made. It can be noted that the equilibrium operat- 
ing level after break-in at full load was about 1.6 gr per hr. 
This would correspond to about 1500 miles per qt on an 8- 
cyl, 30 mph basis. Before the engine was fitted with new 
rings, and prior to this break-in period, some limited data 
were obtained which indicated a consumption level of 20 gr 
per hr. 


Consumption and Origin of Material in Exhaust 
and Blowby 


As shown previously, the amounts of lubricating oil leav- 
ing by way of the breather or the exhaust are readily deter-- 
mined by measurement of the activity level of a sample. 
The method inherently also gives the relative amounts of 
the resultant water originating from fuel and from lubricant 
hydrogen (or tritium). Further, bypassing the sample around 
the copper oxide furnace before condensing yields. by dif- 
ference, how much material leaving the engine was com- 
pletely oxidized and how much was not. 


Fig. 3 is a plot of the results of two consecutive series of 
tests made for the dual purpose of ascertaining repeatability 
and for determining the relative amounts of the consumed 
oil which leaves by way of the crankcase breather and by ex- 
haust under moderate oil consumption, full load, 1800 rpm 
operating conditions. Both tests shown in Fig. 3 were made 
using the same analysis train for exhaust as for blowby and 
switching the sample lines accordingly. Comparisons of the 
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0,25 gr per hr via blowby to the average of 2.4 gr per hr go- 
ing out the exhaust indicate that about 90% of the lubricat- 
ing oil loss was via the exhaust. This same ratio of almost 
10 was found in nearly all of the tests carried out. including 
the 20 gr per hr tests refered to previously. 

Fig. 4 shows the comparative amounts of completely ox- 
idized and partly oxidized lubricating oil which leave the 
engine as exhaust gas. In reducing the data from which Fig. 
4 was plotted, the assumption was made that the tritium con- 
centration in the incompletely oxidized material from the 
oil was the same as that which had already been converted 
to water in the engine. This same assumption was made 
throughout the remainder of the work reported here. Inter- 
preting the data in this manner indicates about 15% of the 
lubricating oil which went out the exhaust was in an incom- 
pletely oxidized state. 

It will be noted from comparing Figs. 3 and 4 that even 
though engine operation was the same, oil consumption was 
at different levels. This was a normal observation of the 
transient character of oil consumption and a reflection of the 
ability of the tritium tracer technique to indicate accurate- 
ly the transient and variable conditions of oil consumption 
which would have gone undetected by weight methods. 

Fig. 5 is a comparison of completely burned and partly 
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Fig.2— Comparison between weight and tracer methods of 
measuring oil consumption 
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Fig. 3— Oil consumption via blowby and exhaust 
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burned lubricating oil which leaves by way of the blowby 
gases. It can be seen that approximately 50% of the lubri- 
cating oil hydrogen in the blowby was in the partly oxidized 
state. A computation also showed that 99% of the partly ox- 
idized material in the blowby originated in the fuel and 1% 
came from the lubricant. This agrees with conclusions of 
other authors.(7) Of the fuel originated material, about 60% 
was only partly oxidized. 

The gross circulation mechanism directly deduced from 
this evidence is that some of the oil passes into the combus- 
tion chamber, is cracked or partly oxidized. mixed with 
partly or completely burned fuel, and then recirculated into 
the crankcase by combustion pressure. Fig. 6 is a flow dia- 
gram for the oil and fuel and their degradation products as 
they must circulate in the engine. 

The abundance of partly burned fuel in the blowby is un- 
doubtedly related to the proximity of the wall at the point 
where the combustion gases become mixed with the oil. The 
wall has been shown to quench combustion reactions. (8) The 
significantly large amount of unburned oil going out the ex- 
haust may be related to the observations of Beaubien and 
Cattaneo (9) that oil is thrown from the piston predominantly 
during the breathing stroke. 

The conclusions about lubricating oil consumption drawn 
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Fig. 4 Comparative amounts of burned and unburned oil in 
exhaust 
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Fig. 5 — Comparative amounts of burned and unburned oil in 
blowby 
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Fig. 6 — Diagram of lube oil consumption phenomenon (solid 
arrows represent oil, hollow arrows represent fuel) 
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Fig. 7 — Influence of spark advance on oil consumption 


thus far in a program devoted primarily to development of 
the tracer method are an indication of what might be ac- 
complished in very little time through the use of the tritium 
tracer-scintillation counter method. The application which 
can be made to the study of the source of air pollution pre- 
cursors are also apparent. 


Influence of a Few Selected Engine Operation Factors - 


Once the validity of the tritium tracer technique was estab- 
lished, a number of engine variables were selected for in- 
vestigation. Ignition timing was one of these. 


A relatively narrow range of spark settings, 23 to 45 deg 
btc, was surveyed under full load, 1800 rpm, engine con- 
ditions. The results are shown in Fig. 7. Over the range 
investigated, spark setting had no significant influence. It 
was later shown, however, that ignition timing could in- 
fluence, oil consumption, but this was through the effect it 
has on abnormal combustion. (5) 

Influence of Jacket Temperature - Fig. 8 shows the re- 
sults of tests made to determine the influence of jacket tem- 
perature on lubricating oil consumption. Engine operating 
conditions were always full load, 1800 rpm, and bulk oil 
temperature was 245 F, The results plotted on semi-log co- 
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Fig. 8 — Influence of jacket temperature on oil consumption 
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Fig. 9 — Influence of fuel composition on oil consumption 


ordinates substantially form a straight line, showing the ex- 
ponential influence of coolant temperature. This is an ob- 
servation relative to oil consumption which is related to re- 
ports by others. (10) In the range of normal jacket temper - 
atures, 150 to 210 F, the consumption rate increased by a 
factor of 3, or from about 0.5 gr per hr to about 1.5 gr per 
hr. As the temperature was raised to 375 F, the oil consump- 
tion increased to a level of about 60 gr per hr or by a factor 
of greater than 100 over low temperature oil consumption. 

Influence of Fuel Composition - Fig. 9 shows the results 
of comparative tests on isooctane, which was normally used 
as fuel for this investigation, and a full range representative 
motor fuel, the volatility of which is contained in the Ap- 
pendix. The oil consumption rate for the two fuels, as meas- 
ured after being completely oxidized, under these full load, 
1800 rpm, 210 F jacket temperature conditions was quite 
comparable. 

When the exhaust samples were allowed to bypass the 
combustion furnace, the results disclosed that whereas with 
isooctane approximately 14% of the material was unburned, 
30% was unburned with the full range fuel. One explanation 
for the difference relates to the heavier ends in the fullrange 
fuel. These heavy ends not present in the case of isooctane 
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Fig. 10 — Influence of speed and load on oil consumption 


would accumulate in the ring belt area of the piston, chang- 
ing the character, perhaps the viscosity of the mixture of 
material in that area, and the state to which it becomes ox- 
idized before being discharged from the cylinder, either in- 
to the exhaust or into the crankcase. While the total amount 
of oil leaving is not greatly changed, that which does have 
is somewhat less oxidized. This observation may have some 
significance to the problem of air pollution. (7) 

Influence of Speed And Load - Figs. 10 and 11 include 
the results of an investigation into the composite effects of 
speed and load. Within the range of speeds involved, 800 to 
1800 rpm, it is evident that a disproportionate increase in 
oil consumption occurred at about 1300 rpm and at full load. 
At 2/3 load, a hump is also evident, but at 1/3 and no load, 
no such magnification is apparent. It is concluded, there- 
fore, that there must have been a peculiar relationship with 
speed and load which had a large controlling influence in 
the lubricating oil consumption. These reasons constitute 
the basis for the remainder of this paper and the theory for 
abnormal lubricating oil consumption which will be devel- 
oped. 


Theory for Abnormal Lubricating Oil 
Consumption 


Figs. 10 and 11, which show the relationship between oil 
consumption and engine speed and load, are strikingly simi- 
lar to curves which are obtained as a result of the forced vi- 
bration of a simple elastic system with one degree of free- 
dom. The relationships are the same as that between amp- 
litude and frequency of vibration with damping as a param- 
eter. The analogy between oil consumption and the forced 
vibration system requires only that oil consumption be simi- 
lar to displacement and that engine load correspond inverse - 
ly to extent of damping. In its most simple form, and as- 
suming viscous damping, an equation describing the vibrat- 
ing system appears familiar (11) as: 


2 
mS + cS + kx =P sin wt (1) 


dt2 


m = mass of body 

xX = amplitude of the vibration 

t = time 

c = damping factor 

k = spring constant 

P,) = magnitude of the exciting force 

Ww = angular velocity 
all in consistent units. 

The analogy suggests that oil consumption, at least in 
this case, was controlled by some part of the engine mechan- 
ical system which was excited to vibration at about 1300 en- 
gine rpm and in so doing increased the rate of oil consump- 
tion over that to be found at higher or lower speeds in the 
range investigated. The analogy also requires that the amp- 
litude of the vibration must be influenced by load, or more 
specifically, by cylinder pressure. The piston rings satisfy 
the requirements for this vibrating part. 

The so-called flutter of piston rings has been reported pre- 
viously in the literature. (1,12) Since other investigators 
(13) have also shown that the gas pressure behind the top 
compression ring is substantially that of the combustion 
chamber, and that the gas pressure behind rings below the 
top compression is relatively unrelated to combustion pres- 
sure variation, the top compression ring becomes subject to 
specific interest for its vibrational characteristics. The ob- 
servation that the top ring can be controlling to oil consump- 
tion has also been reported in the literature, but the conclu- 
sion was drawn from entirely different evidence than will be 
shown here. (8, 9) 

For illustration, consider Fig. 12 which is a schematic 
representation of the piston ring-belt area with the cylinder 
taper exaggerated. The piston ring, while admittedly re- 
strained by friction, is free to move either radially or ver- 
tically in the groove. It can also revolve around the groove, 
but this latter movement és very minor and in the engine 
from which the data were obtained, the rings were actually 
pinned. Movement in a radial plane results in the ring ex- 
panding and contracting. Movement in a vertical plane nec- 
essitates no change in dimension of the ring. 
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Fig. 11 — Influence of speed and load on oil consumption 
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Fig. 13 — Piston ring deflection characteristics 


The major force to cause the ring to move radially in a 
cylinder is that which results from the ring operating over 
the taper at the top of the stroke. (14,15) In the absence 
of taper, little or no radial movement should occur. Other 
factors, such as the variation in thickness of oil film between 
ring face and cylinder wall, due to cyclic velocity changes, 
(16,17) have very little effect. On the other hand, the ef- 
fect of gas pressure is implicitly evident in Figs. 10 and 11, 
and thus gas pressure also must have an influence. The ef- 
fect of gas pressure and its relationship to the forces on the 
top ring in a tapered cylinder is to allow a force to be ex- 
erted radially inward against the face of the ring in the area 
of the taper and thus reduce the resulting restraining and 
damping friction of the ring on the cylinder wal. 


The forces which cause the ring to move vertically in the 
groove are functions of gas pressure, fluid friction, solid 
friction, if present, and inertia. (9) Ifa vibration of the 
ring is responsible for the phenomenon which was experienc - 
ed, the above review of the forces acting on the ring would 
lead to the conclusion that a radial vibration was the type 
which was experienced. 

To investigate further the thesis that ring vibration could 
be responsible for abnormal oil consumption under some con- 
ditions, analytical and experimental determinations were 
made of the natural frequency of vibration of the top com- 
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Fig. 14 — Schematic diagram of audio oscillator and frequency 
analysis system 


pression ring. A computation was first undertaken to deter- 
mine the natural frequency of the ring of the type used in 
the engine. A special rig was constructed by means of which 
it was possible to measure the circumferential force neces- 
sary to close the ring. Fig. 13 shows the results of the de- 
termination of the force-deflection characteristics. Similar 
rings tested by the manufacturer gave comparable results, 
The deflection test showed the ring to have an almost linear 
rate of 9.6 lb per in. of deflection. The compression ring 
used for the example weighed 0.0446 lb. Applying a sim- 
ple first order approximation to obtain the natural undamped 
frequency, in accordance with the differential Eq. (1), pre- 
sented previously and of the form: 


af 


gave a natural frequency for the ring of 45. 9 cycles per sec. 
This corresponds to about 2800 cycles per minute andis more 
than twice the engine speed at which the maximum oil con- 
sumption occurred. 

The vibrational characteristics of the ring were further 
investigated by application of a simple procedure in which 
the ring was exposed to a magnetic field driven by an oscil- 
lator. The response of the ring was measured by placing a 
microphone in close proximity to the ring and analysing the 
output with an audio frequency spectrometer. A schematic 
diagram of the system is shown in Fig. 14, The lowest fre- 
quency which would cause the lightly suspended compression 
ring to vibrate was about 33 cycles per sec, which corres- 
ponds to 1980 cycles per minute. However, the audio out- 
put from the ring showed it to be vibrating with the second 
harmonic of this frequency. This characteristic of the ring 
to vibrate at twice the exciting frequency was an important 
and significant observation. 
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An additional computation was made of the natural fre- 
quency of vibration of the ring in a radial mode by a semi- 
empirical method of Pliskin, Edwards and Brundy. (18) This 
computation gave a frequency that corresponded very closely 
to the 66 cycle per sec frequency encountered in the tests 
made with magnetic induction of vibration. 

It is obvious that the natural frequency of vibration of the 
compression ring does not correspond well with the engine 
speed at which the oil consumption was a maximum. But, 
as has already been shown, the ring can be excited to vi- 
brate at its lowest mode of natural frequency by a half order 
forcing function. Furthermore, all of the measurements and 
computations were made for an undamped or unrestrained 
ring. If the extent of damping in the engine is taken into 
account, the frequency of vibration will be greatly reduced 
from that measured or computed. 

Noting that the undamped frequency of vibration of the ring 
based upon the most simple of the analysis was about 2800 
cycles per minute, that a more sophisticated determination 
yielded a natural frequency close to4000 cycles per minute, 
and that the maximum oil consumption occurred at 1300 
cycles per minute, a first order approach was made to de- 
termine the probable magnitude of damping which would 
account for the speed in the engine at which the ring ap- 
peared to be vibrating. Also taken into account was the po- 
tential for the ring to be excited by a forcing frequency half 
that of its natural frequency. The extent of damping was 
computed by assuming that the simple equation for the vi- 
brating system presented previously would be a good approx- 
imation, since more sophisticated relationships are not a- 
vailable. Under these circumstances, the damped natural 
frequency of the ring would be expressed by: 


(3) 


where all of the symbols are as indicated previously and in. 


addition: 


damped natural frequency 
damping factor 


q 
c 


For the purpose of determining c, the damping factor, 
from the above equation, it was assumed that the 1300 cy- 
cle per minute observed phenomenon was related to the 2000 
cycle half frequency of the ring under undamped conditions 
as the 1400 cycle simple system frequency would compare 
to a new fictitious damped simple system frequency. This 
fictitious new frequency, which was inserted into the equa - 
tion in order to solve for the extent of damping was comput- 
ed to be 1840 cycles per minute. This yielded a damping 
factor of 0.595 lb sec/ft. 

The further computation of the critical damping factor 
Cc by the relationship: 


Cc = 2 ¥mk (4) 
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gave a value of 0.8 lb sec/ft. 

While this is only a approximation of the actual system, 
comparison of the computed factors of c and cg yields the 
important conclusion that if the phenomenon of excessive 
oil consumption was due to a vibration of the top pistonring, 
the vibration was very close to being critically damped. Ref- 
erence is made to standard texts on the subject of mechani- 
cal vibrations for a more complete discussion of the charac- 
ter and influence of the damping factor on a vibration sys- 
terman (lt) 

Taking into account the thickness of oil film and the prob- 
able operating temperature of the oil in the ring area, (19) 
the results of the determination of the magnitude of the vis- 
cous damping necessary to explain the frequency shift showed 
that the viscosity of the lubricating oil, in this case a 5W, 
could not have accounted for the total damping forces act- 
ing on the ring by at least an order of magnitude. The fric- 
tional forces between piston ring and cylinder wall would 
therefore have to be the major contributor to the damping 
factor. It follows that if this force is of a non-viscous na- 
ture. Eq. (1) is a further approximation because of the as- 
sumption of viscous damping. Since the character of the 
damping is unknown at this time, a viscous approach will 
have to suffice. 

An unrewarding attempt was made to determing the mag- 
nitude of the forcing function Pg which would be applicable 
to the phenomena observed in the engine. It was concluded 
that a further analysis of these factors would require more 
complete data and a better approximation to the system than 
that of a single degree of freedom with periodic alternating 
external force and with viscous damping. 

Notwithstanding any limitations for the actual system to 
be completely correlated to such a simple system as envis- 
aged, the phenomenon has been very substantially accounted 
for in all of its characteristics by the analysis performed. It 
is therefore proposed that under some operating conditions, 
the frictional characteristics of the combined lubricating oil. 
fuel residue and lacquer, in the ring groove and on the ring 
face to cylinder wall surface; the taper in the cylinder; and 
the forces exerted on the ring by combustion gases, ring ten- 
sion and inertia, yield a phenomenon which can cause ab- 
normal oil consumption in a manner which is analogous to 
the damped vibration of a spring-mass system. This is not 
intended to imply that all cases of abnormal oil consump - 
tion past the rings can be related to ring vibration, but the 
theory does help to explain many observations having to do 
with oil consumption and control. 

For example, the success resulting from the use of ex- 
panders behind piston rings in badly tapered cylinders may 
be explained easily by noting the effect the expander has on 
two factors. Both are related to the increased ring tension. 
One factor is the countering of combustion pressure on the 
face of the ring. The other is the increase in the natural fre- 
quency which results from the greater spring constant which 
is provided. 
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In applying the theory to observations of the trend of oil 
consumption with increasing engine speed it must be recog - 
nized that the rings in an engine vary greatly in those char- 
acteristics which contribute to their ability to be excited to 
vibration. Such things as variable tension, amount and char- 
acter of deposits in the ring groove, and taper in the cylin- 
der are all influencing. It could be predicted, and is not 
surprising, therefore, that oil consumption does not peak in 
a multicylinder engine at some intermediate speed. Con- 
trarily, it is a usual observation that oil consumption in- 
creases disproportionately with speed, and in some instances. 
dramatic increases have been experienced at speeds which 
could be termed "critical." 


Conclusions 


1. Tritium tagging of the lubricating oil and scintilla- 
tion counting of the resulting water of combustion make a 
rapid, reliable, safe method for determining lubricating oil 
consumption. 


2. Use of the method shows that a large part of the lub- 
ricant leaves the engine only partly burned and that about 


ten times as much lubricant leaves the engine with the ex-° 


haust as with the blowby gases. 


3. Whereas spark setting and fuel composition appear to 
have little influence on oil consumption; speed, load and 
abnormal combustion have major influences. 


4, There are conditions of abnormal oil consumption in 
the speed load spectrum which can be due to a radial vibra- 
tion of the piston rings. 
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Appendix 


Exhaust Sample Oil Consumption Determination. 


: Vv} INx| |100, 000 


where: 
Cx = oil consumption rate, gr per hr 
Ry = ratio of vol of water of combustion to vol of fuel 
and oil 
V = volume of fuel, ml 
T = time to consume V ml fuel. hr 


Nx = indicated radioactivity level of exhaust sample, 
counts per minute/cc 

N, = indicated radioactivity level of a standard sample, 
counts per minute/cc . 

No = indicated radioactivity level of 1 gr of oil, counts 
per minute (when standard sample indicates 100, 000 
counts per minute). 


Blowby Sample Oil Consumption Determination. 


Nb 100, 000 
00 fi fee] « 


where the symbols in Eq. (B) are the same as in (A) except 
for subscripts b referring to blowby and: 

Gb = condensate collection rate, ml per hr 
Ratio of Water of Combustion to Fuel and Oil. 

(For stoichiometric case only since all organic matter is 
usually burned to HgO and COg in combustion furnace. )If 
the fuel or lubricant is hydrocarbon of composition CnHyp: 


m; m 
CpHm + (n + 7) Og nCOg + > He0 (C) 
18 
9 m 
R= en (sp. gravity of hydrocarbon) (D) 


Thus for isooctane (CgH18): 


9) 98 ANS, 
R 18 (0.722) = 1.025 ml H9O per ml CgHye. 


~ 12x 8 
».4 + (E) 


The base lubricant used in these studies was 100 HVI neu- 
tral which had the composition shown in Table 1. The av- 
erage composition of the lubricant, based on 350 mole wt, 
is: 


C95,19H47. 72 


and 


> xX 47,72 


R = Tae a (0.862) = 1.057 ml H9O per ml tube 


For almost all exhaust samples, the ratio of oil to fuel 
is very small, less than 1%. Therefore Ry can be assumed 
equal to R for fuel only. For blowby samples, a similar as- 
sumption would result in a maximum error of the difference 
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Table 1 - Composition of 100 HVI Neutral 


Saturates 84% CpH(2n-1. 5) 
Monoaromatics 14% CnH(2n-8) 
Dicyclic aromatics 2% CnH(2n-14) 
Probable average mole wt = 350 


Specific gravity = 0. 862 
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Table 2 - Typical Fuel Range Fuel Properties 


71%w Full Range Thermal Cracked 
297ow Full Range Straight Run 


TBs sts 110 60 280 
5% 144 70 308 
10 159 80 345 
20 180 90 395 
30 205 95 421 
40 226 Tee Bioghas 422 
50 256 

Sp Gr 60/60 0.753 

TEL 2-1/2 ml per gal 

Carbon %ow 85. 73 

Hydrogen %w 14,02 


between R for fuel and R for lubricant if all the water came 
from lubricant. For isooctane and the lubricant above, this 
could only, therefore, be 3.2%. Actually the error would 
usually be more like 1%, based on a 2:1 ratio of fuel to lub- 
ricant in blowby. Typical fuel range fuel properties are 
shown in Table 2. 
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Discussion 


Questions Concerning 
Radioactive Tracer Study 


P. A. Bennett, 
and C. R. Begeman 
General Motors Corp. 


This paper illustrates an interesting application of radio- 
active tracers to, admittedly, a very difficult problem. How- 
ever, the paper raises a number of questions which we would 
like to ask of the author. 

Prof. Starkman assumed for his calculations that the gases 
leaving the condensers were saturated with water at 32 F. It 
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Table A - Moisture Content of Exhaust and Blowby Gases 


Probable Moisture 


Approx. Normal 


Content After Con- 


Correction Factor, % 


Moisture Content denser (gr/1b, Air Prof. 
(Grains/1b) Sat. at 40% F Probable Starkman 

Exhaust 600 36 6 4 

Blowby 150 36 24 4 


has been our experience that it is very difficult to reach a 
dew point below about 40 F when utilizing a coil at 32 F to 
cool engine exhaust gases. Were direct measurements of the 
dew point of the gases leaving the condensers made to sub- 
stantiate the assumption of a 32 F dew point? 

In addition, it was stated that "The amount of water which 
will pass through the condenser is only 4% of that usually pres- 
ent in the exhaust or blowby stream.” This statement as- 
sumes that the exhaust and blowby gases have equal moin- 
ture contents. Although blowby and exhaust gas moisture 
contents will be equal after passing through the copper ox- 
ide furnace, they are not equal when the gases bypass the 
furnace as was the case in obtaining the data of Figs. 4 and 
5. The effect of this difference in moisture content is illus- 
trated by the data in Table A. 

Although the exhaust gas moisture content will vary with 
fuel, airfuel ratio, and other factors, the exhaust gas mois- 
ture content is of the order of 600 grains per 1b of dry ex- 
haust gas (Table A). Normal blowby moisture content is of 
the order of 150 grains per lb. If the dew point of the gases 
leaving the condenser is actually about 40 F, the moisture 
content is about 36 grains per lb. Accordingly, although the 
exhaust gas correction factor is not widely different from the 
4% assumed, the blowby correction factor may be in error 
about 6-fold. 

Fig. 6 indicates that some 90% of the lubricant loss was 
via the exhaust. This ratio is supported by the data in Fig. 
3. Consideration of the data of Figs. 4 and 5 suggests that 
the ratio of lubricant loss in the exhaust gases to the lubri- 
cant loss in the blowby gas was not always 10 but may be as 
low as 1.5. How much variation in this ratio occurred from 
test to test at widely different engine operating conditions? 
What were the operating conditions associated with the data 
of Figs. 4 and 5? 

We would not expect that the ratio of oil leaving the en- 
gine in the exhaust gas to the amount of oil leaving in the 
blowby gas would remain constant with widely varying oil 
consumption rates, as reported by the author, unless the 
blowby rate paralleled the changes in total oil consumption. 
What variations in blowby rates were observed? 

Under some conditions a significant amount of the total 
oil loss in the exhaust gas could be due to leakage past the 
valve guides. Was any attempt made to determine the ra- 


tio of the amount of oil leaking down the guides to that go- 
ing past the rings? What effect would oil leakage down the 
guides have on the author's conclusions? 

The legend in Fig. 6 indicates that the oil leaving with 
the exhaust gas is about twice as "oxidized" as the oil leav- 
ing the crankcase vent. On the basis of this information the 
author concluded that" . some of the oil passes into the 
combustion chamber is cracked or partially oxidized, mixed 
with partly [or] completely burned fuel, and then recircu- 
lated to the crankcase by combustion pressure. Fig. 6 is a 
flow diagram for the oil and fuel and their degradation prod- 
ucts as they must circulate in the engine." Although we 
would agree that a certain amount of the oil passing therings 
into the combustion chamber probably eventually returns to 
the engine crankcase, the limited data presented in the pa- 
per do not constitute proof of the proposed mechanism. 

Why was a 5W oil chosen for the experimental program? 
We would expect that the radical effect of cylinder wall tem- 
perature on oil consumption with increasing temperature 
would result from the use of a less volatile lubricant. 

The reasoning that the oil consumption at 1300 rpm was 
due to vibration of the piston ring is interesting and sugges- 
tive of good detective work. Although the author strongly 
advocates that a resonant ring vibration is the explanation, 
it was not proved that the oil consumption at 1300 rpm was 
due to this cause. A stronger case might be made directly 
by showing that the rings resonate at this engine condition, 
or indirectly by changing the natural frequency of the ring 
to establish that such changes alter the oil consumption char - 
acteristics of the engine. 

In discussing the magnitude of the viscous damping nec - 
essary to explain the shift in vibration frequency from theo- 
retical to observed, the author mentioned that "The friction- 
al forces between the cylinder wall and ring would, there- 
fore, have to be the major contributor to the damping fac - 
" However, since he has assumed that the vibration is 
radial, the friction of the ring on the wall would be essen- 
tially zero except during those periods when the ring was 
extended. On the other hand, we would expect a frictional 
force between the ring and the top or bottom of the ring 
groove, The presence of oil between the ring and the top 
or bottom surface of the ring groove would be expected to 
result in viscous damping of a radially vibrating ring. Would 
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the author comment on this as a possible source of damping? 

In addition, before the proposed technique can find wide 
application, potential users must have additional informa - 
tion concerning the limitations of the technique. For ex- 
ample, approximately one minute was required to collect a 
sample for analysis. Therefore, the technique would ap- 
pear to have limited utility as a method for studying instan- 
taneous oil loss rates. 

It is required, of course, that the samples analyzed be 
representative of the total exhaust or crankcase vent gases. 
In this connection we would like to ask how much tritium 
was left in the combustion chamber deposits, in the exhaust 
system, or the sample lines? Unless the tritium loss was 
a constant percentage of the total tritium in the sample at 
various operating conditions, some difficulty would be en- 
countered in interpreting the data, 


Use of Tracer Technique 


A. M. Brenneke 
Perfect Circle Corp. 


IMPROVED techniques for accurately determining oil con- 
sumption are something Perfect Circle is always seeking. We 
are particularly pleased that Prof. Starkmen chose to invest- 
igate the tracer technique because we believe the ultimate 
solution to the problem lies in this method. These remarks 
will be confined to the application and use of the tracer tech- 
nique. 

Our company had a brief speculative fling at the tracer 
method for measuring oil consumption in 1951. Knowing 
that iodine was compatible with lubricating oil, we consult- 
ed a commercial lab, who confirmed that an isotope of io- 
dine could be blended with lube oil, and contracted with 
this same commercial laboratory to supply tracers and super - 
vise a preliminary investigation in our lab. lodine 131 was 
used and a geiger tube was buried in a water-cooled thin- 
walled tube in the exhaust pipe of a single cylinder test en- 
gine. It was hoped that this would give a direct, continu- 
ous, and instantaneous oil consumption indication. The coun- 
ter clacked away when the engine was started, but continu- 
ed after the engine was shut down. The combustion prod- 
ucts had condensed in the exhaust system for something more 
than 27 ft downstream from the engine. It appeared that we 
might salvage the project if we accepted a sampling proced- 
ure. Since this did not seem to offer any advantage over the 
method which was being used then, our venture into tracer 
technology was abandoned and hasn't since been revived. 

Since 1945 we have been using a rather simple system that 
gives a continuous strip chart record of oil consumption, 
which approaches an instantaneous consumption indication 
with a reasonable degree of accuracy. A constant oil level 
is maintained in the engine sump by an overflow pipe, and 
oil is pumped from the sump to a tank on recording scale at 
a rate of about 2 G.P.H. Oil is pumped from scale tank back 
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to the sump by another pump at half that rate. Hence, any 
oil leaving the engine is removed from the scale tank. This 
low rate of circulation through the scale tank permits use of 
high sensitivity scales, and a quite accurate consumption rate 
indication can be obtained in as little as 1 hr after engine 
temperatures are stabilized. Oil temperature must be held 
within + 2 F for good accuracy. 


We congratulate Prof. Starkman for the great progress his 
work represents over our early efforts. It is hoped that he 
will continue its development until it is a practical tool for 
every day lab use. We believe that to realize this, devel- 
opment must continue until the technique yields a continu- 
ous rate indication, preferably on a cylinder by cylinder bas- 
is. Also, to completely satisfy the requirement, equipment 
should be portable enough for vehicle installation. 

In conclusion, we should like to suggest the possibility 
that some of the peculiarities of speed, load, and oil con- 
sumption are due to variations in oil consumed via the val- 
ves and guides, rather than a function of piston ring vibra - 
tion. It is not unusual for as much as 75% of average gross 
oil consumption to be by this route and the percentage vari- 
es Widely with speed and load. 


Tracer Technique — Too Costly? 


M. M. Roensch, and 
J. C. Brabetz 
Chevrolet Div. 

General Motors Corp. 


THIS PAPER SHOWS the radioactive tracer technique to be 
a valuable research tool in the analysis of engine oil con- 
sumption. Among its more promising applications, I would 
include: 

1. Evaluating transient behavior of oil consumption; that 
is, the instantaneous effects of varying a single engine op- 
erating condition. 

2. Determining oil consumption of individual cylinders, 
by sampling each exhaust port. 

3, Anti-smog investigations. (Unburned hydrocarbon de- 
tection). 

We find, however, that most investigations can be con- 
ducted to our satisfaction using less complex equipment. The 
cost of equipment and highly trained personnel could only 
be justified by a great need for the information that the trac- 
er equipment could provide. 

Prof. Sparkman lists several disadvantages for the 
weigh" method that we do not find too objectionable: 

1. "Excessive time for single determination". - It is true 
that oil consumption rate by the tracer method can be de- 
termined immediately. However, the test must be carried 
on for a period of at least 3 or 4 hr to assure that the rate is 
not changing. In this time, the constant weigh method would 
tell the same story. 
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2. “Low reliability resulting from small consumption rat- 
es". - We find the constant weigh method reliable even at 
low consumption rates when the following conditions are 
met: 

a. Accurate scales are employed. 

b. Weight readings are taken every 15 to 30 minutes. 

c. Engine temperatures are maintained at stabilized 
conditions. 

The slope of the plotted readings shows when the oil it- 
self has become stabilized from dilution, and when thecon- 
sumption rate becomes uniform. 

3. "Oil leakage being a complicating factor when using 
the weigh method". - Care is usually taken for an oil econ- 
omy program. However, if some leakage does occur, it can 
be recovered by wiping rags, which are carefully weighed 
prior to and after the test run. 

4, "Variable oil retention by engine". - When engine 
temperature is held constant in the constant weight method, 
oil retention apparently does not vary, as evidenced by 
steady scale readings as the test progresses. 

The author does not state whether the weigh oil consump- 
tion method shown in Fig. 2 was actually drain-and-weight 
or constant weigh. It appears from the reading intervals (4 
to 8 hr) that the drain-and-weigh method was used for com- 
parison with the tracer-method, It seems likely that the re- 
sults would be in much better agreement if the constant 
weight had been used, and readings recorded every 15 to 30 
minutes. This would have insured against the probability of 
having the use wild readings. 

The information shown in Table B typifies the clear cut 
answers our present laboratory facilities can give. We wished 
to measure the effectiveness of a cylinder head change in 
reducing abnormal oil consumption in experimental engines. 

The cause was known: oil was being lost via the valve 
stems at turnpike cruising speeds. The proposed solution was 
considerably less costly than valve stem seals, and later 
proved effective in production, as the laboratory data had 
predicted. 

Our present methods are made-to-order for work such as 


Table B - Oil Economy Comparison 


Cylinder Oil Economy (MPQ) 

Engine Heads (At Turnpike Speeds) 
ie Experimental 357 
Production 2080 
B Experimental 425 
Production 2085 
Experimental 329 
Production 1800 

C No- 

Overhead Oiling 2092 
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this. When more elusive information is needed, more elab- 
orate methods will be used. The method Prof. Sparkman 
advocates seems well qualified for the latter category. 


Advantages of Tracer Technique 


L. A. McReynolds 
Phillips Petroleum Co. 


A VERY USEFUL contribution has been made in this paper 
which presents a rapid method for determination of lubri- 
cating oil consumption. We agree that direct measurement 
of lubricating oil consumption is difficult, time-consuming 
and often inaccurate. Hence, the new method dependent 
upon chemical incorporation of tritium as radioactive tracer 
and the use of a liquid scintillation counter to measure the 
amount of oil being consumed should find widespread use. 
Tritium, being as isotope of an element that is a constituent 
of all hydrocarbons, may be introduced into hydrocarbon 
components at either specific or random positions, Present 
cost for tritium is approximately $2.00 per Curie and there- 
quired liquid scintillation instrumentation is now, or certain- 
ly soon will be, available in most well-equipped research 
laboratories. We hope and expect, therefore, that the meth- 
od described and applied to study of certain factors affect - 
ing lubricating oil consumption in single cylinder engines, 
will be used by many and extended to studies in multi-cyl- 
inder engines. 

The amount of oil consumption in a given engine can 
have marked and significant effects on engine deposits that 
affect useful performance life. This is indicated by the re- 
sults of some tests run recently in our laboratory in a CLRoil 
test engine. The engine operating procedure employed con- 
sisted of cyclic operating conditions alternating between 
idle at 9.5 air-fuel mixture and wide open throttle opera - 
tion at 15.5 air-fuel mixture. Water out temperature was 
maintained at 125 F. Not included in the total operating 
time were controlled shutdown periods. The results of two 
different tests are shown in Table C. The same engine, the 
same operating conditions, the same fuel and the same oil 
were employed. The only difference in the two tests was 
in the rate of "oil consumption". In Run 1, "oil consump- 
tion" was accelerated by forced additions every 40 hr. If 
necessary, some oil was withdrawn at each of these periods 
so that 2 ozs of new oil were required to bring the level back 
to the original full position. Run II was carried out with no 
forced additions and the oil consumption at the end of the 
test was approximately 1/3 of Test No. 1. Attention is call- 
ed to the very significant differences in engine cleanliness 
ratings, particularly sludge. oil screen plugging. andoil ring 
plugging. These differences are far greater than could be 
accounted for by reproducibility shortcomings. Extrapolat- 
ing test results from this same engine operated under some - 
what different conditions but with uniform oil consumption, 
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Table C - Effect of Oil Consumption on Engine Cleanliness 


Engine 

Operating Conditions 

Fuel 

Oil 

Total Operating Time, Hr 
Oil Consumption, oz 
Piston Varnish 

Sludge 

Oil Screen Augging, % 
Oil Ring Plugging, % 


Run I Run II 
= Gi - 
> Controlled Cycle = 
- MS Seq. V Reference = 
3 ves rs 

206-1/4 
14, 7(4) 4.9 
8.0 Hors 
41.5 Dire) 
2 85 
20 00 


(a) Accelerated by forced additions 
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Table D-U. S. Oil Consumption Trends in Passenger Cars 


Average 
Average Qt Average Qt 

Miles Makeup Makeup/10, 000 Miles 
1954 10,127 10. 00 9. 87 
1955 9,492 Shae 10.29 
1956 8, 979 8.43 9539 
1957 9,304 8.12 8.73 
1958 . 9,364 1.61 Seegen ae 


-20. 4% over 1955 


Based on National Petroleum News 1959-1960 Fact Book 
EE a 


it is believed that the differences shown are at least as great 
as those which would be obtained between a non-additive 
oil and a detergent vil comparable to many commercial 
products now being recommended for Service MS. 

Accurate data on oil consumption in passenger car en- 
gines are difficult to find in the literature. However. from 
various sources we are quite sure that oil consumption is 
steadily becoming less in passenger cars. Several factors ac - 
count for this. The designer is consistently improving this 
understanding and practical application of factors affecting 
oil consumption from a design standpoint. Metallurgy and 
surface finishes have improved. Additionally. the petrole- 
um technologist has developed improved lubricating oils over 
the years which, among other things. have shown stcady im- 
provement in ability to reduce engine wear, The general 
trend toward reduced oil consumption levels is indicated by 
Table D which shows data based on information published in 
the National Petroleum News. 1959-1960 Fact Book. It can 
be seen from these data that oil consumption in passenger 
cars operated in the United States has decreased from 17 - 
20% in the last 5 years. 


The data in Table C indicate that oil consumption rates 
have a marked influence on the punishment that a given oil 
takes in the crankcase of a given engine during a given op- 
erational period. These data also suggest that as oil con- 
sumption characteristics of passenger cars improve, consider - 
ation should be given to more frequent oil drain periods if 
the common objective of both the automotive and petrole- 
um industries to prolong new car performance is to be ob- 
served, 

How often to drain oil is a question that has sometimes 
been argued with more emotion than technical fact. The in- 
formation and techniques presented by Prof, Starkman should 
stimulate the procurement of more data concerning oil con- 
sumption. This, in turn, should be of considerable aid to © 
the question of sound oil drain practices. 


Use of Tracer Method for 
Single and Multi-Cylinder Work 


R. A. Coit, and 
-V. P. Guinn 
Shell Development Co. 


THE CONVENTIONAL way of determining the rate of oil 
consumption in an engine operating under fixed conditions, 
as Prof. Starkman has discussed,. is the weight loss ‘method. 
This method has certain obvious disadvantages, some of 
have been enumerated. We would like to add three more 
to the list: 

1. Variations in consumption rate during a given run, 
such as on startup, are not detectable. 

2. Different routes of oil loss cannot be distinguished. 

3. The results are affected by changes which the condi- 
tion of the engine undergoes ‘during long runs. 

These shortcomings are circumvented by the radioactive 
method involving the use of tritium-labeled lube oil. In 
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this method, incomplete combustion of sampled material 
introduces impurities in the condensed exhaust water which 
can interfere with the liquid scintillation counting of the wat- 
er. One reason the bleed stream is passed through a hot cop- 
per oxide oxidizer before condensation is to insure complete 
combustion of all organic matter to COg and HgO. This 
is very essential in the case of the loss via crankcase breath- 
er gases, since here most of the material is only partially 
oxidized. In this respect, further investigation of the type 
of data shown by Prof, Starkman in Fig. 5 may be desirable. 

In the Shell Development laboratories this method has 
been used, not only for single-cylinder oil comsumption 
studies, such as those described by Prof. Starkman, but also 
for multi-cylinder engine work. In a modern, high perform- 
ance V8 engine, we obtained a smooth curve with oil con- 
sumption increasing as engine speed increases. Apparently 
there was no peculiar relationship with speed and load which 
had a controlling influence on the lubricating oil consump - 
tion in the multi-cylinder studies - unlike the single cylin- 
der case discussed by Prof. Starkman. 

In multi-cylinder oil consumption studies, this method 
can be invaluable in determining individual cylinder con- 
tributions to the overall engine oil consumption. This type 
of determination may also be quite useful in studying inter- 
actions with engine combustion phenomena. We have found 
a 50% increase in oil consumption through the combustion 
chamber during preignition, for instance. 

Another application of interest is the determination of 
the route of engine oil consumption, other than those dis - 
closed, for instance, past the piston rings or down through 
the valve guides in an overhead V8 engine. Such data can 
easily be obtained by separating the valve or top deck oil 
supply from the main sump. 

The method itself is straightforward, and can now be 
carried out with commercially available apparatus, that is, 
' a commercial liquid scintillation counter. During the early 
work on this method oil consumption rates as low as 0.1 gr/ 
hr were readily measured. With recent improvements in the 
liquid scintillation method, rates as low as 0.01 gr/hr are 
detectable without increasing the tritium content of the oil. 
In addition, a relatively new method of tagging the oil with 
tritium is now available. This tritium gas exposure method 
of Wilzback simplifies considerably the preparation of the 
labeled oil. Tritium (radioactive hydrogen) is an excellent 
tracer for such work, as it is both inexpensive and easy to 
handle. It emits no- gamma radiation, only very low energy 


beta particles, and hence there is no shielding problem. 


Author’s Closure to Discussion 


IT IS QUITE OBVIOUS from the nature and extent of the 
discussions that very serious and detailed consideration has 
been given by the discussors to both the method of the radio- 
active technique and to the theory for abnormal oil con- 
sumption which was proposed. 
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A number of specific questions have been raised by Messrs. 
Bennett and Begeman. On the specific subject of condenser 
efficiency, a very thorough effort was made to insure an ef- 
ficient condenser system. This was checked and proved by 
setting up multiple condensers in series with increasingly 
colder materials (below 32 F) flowing in the condenser side. 
The negligible amount of condensate found after the first 
pass was sufficient evidence to conclude that the system used 
was condensing at what must have been much higher effici- 
encies than they experience. It should further be pointed 
out that Table A does not show, as Bennett and Begeman 
state, a 6-fold "error". Evenif the situation is as they in- 
terpreted, a much more modest figure of 20% neglect to ac- 
count for the total material would result. This, they are 
certainly aware, is well within the limits of experimental 
error of other oil consumption determination methods. 

It is recognized and pointed out in the text that Figs. 4 
and 5, in comparison to Fig. 3, show levels of lubricating 
oil consumption which were radically different. Fig. 3 shows 
data obtained shortly after the engine was overhauled and 
the piston rings replaced. Figs. 4 and 5 represent data ob- 
tained prior to that overhaul when the total lubricating oil 
consumption rate was at a much higher level. This is noted 
in two places in the text. In the tests reported, the ratio of 
lubricant loss in the exhaust gas to lubricant loss in the 
blow-by gas was always near 10 to 1, as shown in Fig. 6. 

The blow-by rate indeed varied with engine conditions. 
However, the information regarding the changes correspond- 
ing to the various tests is not reported here because this fac - 
tor was not felt to be of great consequence. 

With regard to the question of oil consumption past valve 
guides, the valves were separately lubricated with non-tag- 
ged material, and as pointed out in the discussion by Messrs. 
Coit and Guinn, this portion of the consumption can be quite 
well determined by auxiliary tagging means. 

With regard to a last technical point, that of the influ- 
ence of the frictional force between the cylinder wall and 
the piston ring, the influence would be primarily in the con- 
tribution the face friction makes to the ring face toring land 
pressure. 

As a general closing comment, it must be repeated that 
what was attempted in the paper, in addition to presenting 
the method, was to represent a possible mechanism for ab- 
normal lubricating oil consumption. Questions of proof of 
inferential theories are implicit. It is difficult to present 
completely convincing proof of a theory in the stage of de- 
velopment that corresponds to that given here. This does 
not, should not and will not, however, preclude this author 
from coming to the conclusions which were drawn from the 
experimental data. There is no denying, as far as he iscon- 
cerned, the exceedingly strong evidence that a vibration of 
the piston rings can be construed to contribute to excessive 
oil consumption. The author is most happy to allow this to 
stand in the record on the evidence available, particularly 
as a challenge for future investigators. 


U. S. Lunar Travel Program 


THE NASA LUNAR program has as a long range objective man- 
ned landings on the lunar surface and the establishment 0. 
a lunar base as an outpost for scientific observation and ex- 
ploration. This long range goa! we teel is possible of achieve- 
ment through extensions of sclentitic knowledge and tech- 
nology at our command today. No new scientific discov- 
eries need be made and no new technological breakthroughs 
appear necessary. However, a vast amount ot ettort and 
money must be invested and a rather considerable span ot 
time must be devoted to an aggressive and carefully inte- 
grated program betore manned lunar tlights become a prac- 
tical reality. 

There is a great deal we need to learn about the cis-lunar 
environment: for example, the types, intensity and energy 
levels of radiation, together with the time variation of these 
and other space environmental factors. We need to refine 
our ability to predict space environmental phenomena tor 
the protection of our lunar travelers even as our meteorolo- 
gists forecast the weather which is the primary environment- 
al hazard to flight within our atmosphere. 

Instruments are being designed to detect the presence of 
energetic particles, together with magnetic field measure- 
ments, which will determine the absence or presence oi trap- 
ped radiation belts. Scientists are particularly interested 
in particle streams trom the sun because they present a seri- 
ous hazard to space travel. It is known that the flux of pro- 
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tons on occasion is 350 times greater than the normal cosmic 
ray intensity and that the duration ot,the proton beam is on 
occasion long enough to be a lethal dose tor a man inspace, 
There are two solutions to this problem: 

1, Shield the space traveler, 

2. Provide a prediction capability that will minimize 
the risk of a short excursion into space. 

The data obtained trom these experiments will establish 
the amount and kind of shielding necessary. For example, 
if it is found that the stream of particles is isotropic it will 
be necessary to completely enclose the man; whereas, ifthe 
particle stream is directional, orientation of a shield be- 
tween the man the sun would be adequate. 

Of course, another question arises when man lands upon 
the moon. Will it be necessary for him to remain close to 
a landing craft containing shielding or will it be possible to 
predict flares tar enough ahead ot time to allow him to ven- 
ture considerable distances from the landing craft? As can 
be seen the answers to these questions will definitely affect 
the design of the lunar manned spacecratt and the makeup 
and duration of missions assigned early lunar explorers. 

Providing launch vehicles with the capability ot impart- 
ing escape velocity to the mass of the lunar manned space- 
craft and all of its equipment for landing on the lunar sur- 
face and returning sately to earth will be a major task, Al- 
though we can see no gaps in fundamental knowledge nox 
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lack of promising technical approaches to the design and de- 
velopment of the launch vehicles and spacecraft, we face 
an engineering and testing effort which, with supporting lab- 
oratory and space research, assumes the proportions of a ma- 
jor national undertaking. 


Lunar Program within Overall NASA Program 


The NASA program of space exploration can be divided 
into three phases, which, though sequential in character, 
exhibit considerable overlap in time. The first of these is 
the program for scientific exploration of the region surround- 
ing the earth by means of scientific earth satellites and sound- 
ing rockets, Execution of this program is the responsibility 
of the Goddard Space Flight Center, This program covers 
a number of scientitic disciplines and areas ot investigations 
such as geodesy and gravitation, the upper atmosphere, mag- 
netic and electric tields, the radiation belts, micrometeo- 
rite concentrations and effects, the sun and solar terrestrial 
relationships, the stars and bioscience. From this listing it 
is evident that, although the scientific earth satellite pro- 
gram supplies information indispensable to the design of 
spacecraft which must traverse this zone enroute to and trom 
the moon and planets, it also pursues very important scien- 
tific goals of its own. 

Such projects as the unmanned orbiting geophysical ob- 
servatory and the orbiting astronomical observatory will re- 
main active perhaps throughout the second, or lunar phase 
of the space exploration program. It is this phase with which 
this paper will deal. 

The third or planetary phase will have its major buildup 
after the lunar program is well underway. Early phases of 
the planetary program will use not only the technology built 
up in the course ot the earth satellite and lunar programs, 
but also some of the same launch vehicle and spacecratt 
hardware. 

Each of the three phases ot space exploration mentioned 
(earth satellite, lunar, and planetary) in itself has three 
stages which again show appreciable overlap. These stages 
are: 

1. Development of required technology and carrier hare 
ware, 

2, Unmanned exploration. 

3. Manned exploration. 

Each of these stages will be followed by an exploitation 
of the potentialities of the newly opened frontier, 

The moon is, of course, the next logical step in space 
exploration beyond instrumented earth satellite operations. 
It is relatively close to the earth, a mean distance ot 248, 875 
miles, with a flight time via a minimum energy transfer 
ellipse of 90 hr. The flight trajectory we will use for the 
unmanned program will take 66 hr and was selected because 
the payload sacrifice was tolerable and the shorter transit 
time eased the guidance problem and permitted the lunar 
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landing, or injection into a lunar orbit, to be viewed from 
this hemisphere. Furthermore, the period of the lunar orbit 
about the earth affords a launching opportunity approximate- 
ly every 28 days, on a direct ascent trajectory and much 
more frequently if a "parking orbit" is employed. This cor 
trasts to one opportunity every 1-1/2 years for Venus, our 
nearest planet. 


Unmanned Lunar Program 


The exploration of the moon with unmanned spacecraft 
has a number of objectives of great importance to science. 
The scientific significance of lunar exploration arises from 
the fact that its surface has not been subjected to the ero- 
sion of winds and water, and therefore may carry a record 
of the early history of the solar system. This record has 
been lost forever on the earth, Mars, or Venus, and is only 
available on the moon. The moon may also have on the 
layer of dust which has accumulated on its surface, organic 
molecules which will give us a clue to the development ot 
physical life on the earth. 

The primary scientific objective of the lunar science pro- 
gram is the exploration and investigation of the moon for the 
information which it can provide on the history of the earth- 
moon system and on the origin of planetary bodies in the so- 
lar system. Also, as has already been mentioned, chemi- 
cal analysis of the surface dust which has accumulated over 
many aeons may turn up organic molecules, precursors of 
living organisms, which may prove to be of immeasurable 
importance to the biological sciences. Moreover, the ex- 
ploration of the lunar surface, and the analysis of its physi- 
cal and chemical properties, are necessary steps in the plan- 
ning and designing of manned instrument stations and the 
solution of the problems of construction and life-support for 
a manned lunar station. 

Finally, the unmanned lunar program affords an inval- 
uable opportunity to test design approaches and subsystems 
such as terminal guidance systems, landing techniques, and 
landing gear designs which may later be incorporated in man 
ned systems and measurably reduce the cost of developing 
and testing expensive manned spacecraft systems and the 
tisk involved in initial manned flights. 

The missions which are planned to implement this pro- 
gram include lunar orbiters, rough and soft landing pack- 
ages, and mobile vehicles for unmanned exploration. Fig. 1 
shows the projects which constitute the unmanned lunar pro- 
gram. 

The first significant step toward accomplishing the un- 
manned program will be made in NASA's Ranger program. 
An earlier and limited attempt to place an instrumented sa- 
tellite around the moon with the Atlas Able 5 vehicle was 
not successful because of launch vehicle failures. 

Development is underway on experiments for the study of 
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the moon with contact instrumentation under the Ranger pro- 
gram. Ranger experiments include vidicon camera and tele 
vision systems, gamma ray spectrometers, and seismograph 
systems. 

All lunar missions visualized require the use of specitic 
techniques, most of which are to be tested in the Ranger 
flight series. Taken in order of employment during 4 typi- 
cal flight, these techniques might be as follows: 

1. Time-dependent guidance parameter settings and 
launch of the vehicle. 

2. Injection into a so-called "parking orbit," a more or 
less prolonged coast, which places the vehicle at the proper 
location in space for departure into the desired lunar trajec- 
tory. 

3. Acceleration from parking orbit to escape speed with 
guidance to place the vehicle on a nearly standard depar- 
ture path. 

4, Tracking and telemetry during the above phases, fol- 
towed by orbit computation and an orbit correction maneu- 
ver upon command. 

5. Data communication during transit, followed by an 
accurate retro-maneuver for orbit around or landing on the 
moon. 

6. Automatic experimentation in lunar orbit or after land- 
ing, with data transmission over a high-gain communica- 
tion link. 

7. Semi-automatic data handling after reception. 

The Ranger spacecraft, as depicted in Fig. 2, is being 
developed by the Jet Propulsion Laboratory. A version dif- 
fering primarily in the instrumentation carried will, we hope, 
be used on the early planetary missions to Mars and Venus. 
In the Ranger series, this spacecratt will be launched by the 
Atlas Agena B vehicle which can handle a heavier payload 
than the Atlas Able and also has the capability not possessed 
by the Atlas Able of upper stage engine restart and coasting 
flight attitude control which permit the Agena stage, with 
its spacecrait, to coast in a parking orbit to the point in space 
where a second interval of rocket operation will put the Ran- 
ger on its ascent trajectory to the moon. This capability 
greatly augments the lunar launching opportunities per year. 


103 


FIXED ANTENNA 


SOLAR PANEL 


\ 
PITCH AND ROLL JETS 
SUN SENSOR 


Fig. 3 — Ranger flight and terminal maneuver 


The Ranger tlight and terminal maneuver are shown in 
Fig. 3. During the early stages of the flight, the spacecrait 
employs the attitude control jets shown in the tigure to main- 
tain three-axis attitude control with its antenna pointing to- 
ward the earth and its solar panels toward the sun. Radio 
tracking reveals any necessary course corrections, which the 
spacecraft then makes on command by orienting itselt tor 
a midcourse rocket firing and then reorienting itselt with its 
principal axis toward the sun tor travel through cis-lunar 
space. As the spacecraft approaches the lunar surface, it 
orients itself on command along the vertical descent path 
and begins taking high resolution television pictures plus 
gamma-ray spectroscopy recordings. At the lowest possible 
altitude the survivable capsule is slowed by retrorocket tor 
a rough but safe landing. 

The Ranger spacecratt just described is well along in de- 
velopment, as is its scientific payloads. First test launch 
will take place in the latter part of 1961. The actual lunar 
landing series is scheduled for 1962, 


Spacecraft Planned for More Advanced 
Unmanned Missions 


The next spacecraft to be undertaken as part of the un- 
manned lunar program is Surveyor. lt is to be designed tor 
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Fig. 4 — Artist’s concept of surveyor for soft lunar landings 
(Centaur) 


‘~ ROVING VEHICLE 


Fig. 5 — Prospector for lunar landing (Saturn) 


the lunar soft-landing mission using a Centaur launch ve- 
hicle. An artist's conception of this spacecratt is displayed 
in Fig. 4. This spacecratt will be designed to deposit a mod 
erately heavy (100-300 lb) scientitic payload on the lunar 
surface, 

The Surveyor will deposit on the moon scientific instru- 
ments capable of making the first direct measurements ot 
the chemical and physical properties of the lunar crustal ma- 
terial. A drill will extend these measurements to a few feet 
below the surface of the moon. The measurements them 
selves will be made with instruments similar to those now 
used in earth-bound geochemistry and geophysics; that is, 
X-ray tluorescence spectrographs, gamma-ray spectrographs 
coupled with neutron activation equipment, densitometers, 
thermal and electrical devices tor measuring conductivities, 
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and gas chromatographic analyzers for detecting the pre- 
sence of organic molecules (some of which are believed to 
have been detected in the interior of meteorites). Mass spec- 
trometers, gravitometers, and seismometers will probably 
be included, though perhaps not in the earliest soft-landing 
vehicles, The soft-landing spacecraft will be equipped with 
vidicon cameras and a selection of lenses enabling both parr 
oramic and close-up photographs of the surrounding moon- 
scape. and lunar surface material. 


These soft-landed analytical laboratories will enable us 
to understand in great detail the nature of the moon's sur- 
face in a few selected spots. In order to extend our know- 
ledge progressively over the whole moon, it is necessary to 
correlate the characteristics of the sample locations with the 
characteristics of other portions of the moon untouched by 
these landed spacecratt. For this purpose, a precision lunar 
orbiter will conduct a geophysical and geochemical survey 
of the whole moon from a distance of a few hundred kilo- 
meters above the surface. This vehicle will photograph the 
moon's surtace with a range of resolutions available on com- 
mand from earth. It will conduct a complete gamma-ray 
analysis of the regions over which it flies. Other spectral 
analyses will be included if instrumentation techniques and 
soft-landing measurements indicate their desirability. By 
this means, we will attempt to extend the analyses made 
directly on the spot to an understanding of the whole moon. 

Prospector, a lunar soft-landing spacecraft requiring the 
Saturn launch vehicle, is currently under study by the Jet 
Propulsion Laboratory, and by the Marshall Space Flight Cen- 
ter for JPL. As now envisioned, the Prospector spacecraft 
would consist of a soft-landing "truck" plus several alternate 
payloads such as the mobile vehicle pictured in Fig. 5. This 
mobile laboratory would have first priority as a Prospector 
payload. It would be capable of exploring throughout a radi- 
us of about 50 miles, terrain permitting, and would obtain 
more data than could be obtained with Centaur launched non- 
mobile spacecraft. It is anticipated that the mobile vehi- 
cle would be used in areas of particular interest as highlight- 
ed by previous flights with Centaur. 


Manned Lunar Flight 


The benefits that might accrue from the manned explora- 
tion of space are, in a large measure, unknown. It is cer- 
tainly clear that no amount of instrumentation will tell us 
as much about the moon, or the planets, as man himselt 
will be able to tell. 

We should, theretore, state only one broad objective tor 
the manned space flight program: "To provide the capa- 
bility for manned exploration of space." 

With this objective in mind, we have developed a pro- 
gram that is broadly outlined in Fig. 6. At this point it 
should be stated that official approval of this program has 
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not yet been obtained. Rather, this presentation includes 
what we now believe to be a rational and reasonable approach 
to a long-range development program leading to the man- 
ned exploration of outer space. Manned flight to the moon 
is, as mentioned earlier, an intermediate, a major step in 
the long-range spectrum of manned space flight depicted 
in Fig. 6. 

The initial step in this program is Project Mercury: 4pro- 
ject designed to put a manned satellite into an orbit about 
120 miles above the earth's surface, let it circle the earth 
three times, and then bring it back safely. Project Mercury, 
it is believed, is an essential step before we can proceed with 
other, more difficult manned space missions. It is true that 
all the plans for scientific exploration of space assume that 
eventually man will participate in that exploration. How- 
ever, although all of ns think men can be useful in this new 
environment, no one knows for sure. 

If it should turn out that men cannot perform useful work 
in space, it is quite possible that the direction of a substan- 
tial portion of our efforts will have to be changed. So it is 
important to find out about man's capabilities in space, and 
Project Mercury is the simplest way to learn what we need 
to know, at the earliest possible date. As is well known, in- 
dications from Cdr. Shepard's historic suborbital flight have 
given us some rewarding positive information in this area. 

The determination of man's capabilities in a space en- 
vironment is, however, only one of the benetits that willbe 
derived from Project Mercury. Of equal importance is the 
technical knowledge being gained during the design, con- 
struction, and operation of the first spacecraft specifically 
engineered for manned flight in space. The accomplishment 
of Project Mercury will mark a tremendous step iorward; 
man's venture into space will immeasurably extend the tron- 
tiers of flight. The speed of flight will be increased by a 
factor of 8 over present achievement, and the altitude by a 
factor of 5; the environment encountered in space flight will 
be one that heretofore has not even been approached. This 
extension of the flight envelope has required major techni- 
cal advancements in many diverse fields, including aero- 
dynamics, biotechnology, instrumentation, communica- 
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tions, attitude control, environmental control, and para- 
chute development, and so torth. By its very adyanced na- 
ture, therefore, Project Mercury has opened the door tor the 
next step in the manned space flight program. 

This next step involves the development of a manned 
spacecrait designed to allow man to pertorm usetu! tunctions 
in space. This spacecratt should ultimately be capable oi 
manned circumlunar flight, as a logical intermediate step 
toward future goals of landing men on the moon and the plan- 
ets. The design of the spacecraft should also be sutficiently 
flexible to permit its use as an earth-orbiting laboratory, as 
a necessary intermediate step toward the establishment ct 
a permanent manned space station. In this decade, there- 
fore, our present planning calls tor the development and con- 
struction of an advanced manned spacecratt with sutticient 
flexibility to be capable ot both circumlun&r tlight and use- 
ful earth-orbital missions. In the long range, this space- 
craft should lead toward manned landings on the moon and 
planets, and toward a permanent manned space station. ‘Ihis 
advanced manned space flight program has been named " Pro- 
ject Apollo, " 

The design for an ultimate circumlunar flight will re- 
quire the solution of many, but not all, ot the problems as- 
sociated with a manned landing on the moon; this is par- 
ticularly true of the atmosphere reentry and recovery ter- 
minal phase. The mission willrequire a considerable amount 
of trajectory control, thereby imposing rather severe require- 
ments on the navigation and control system. Manned cir- 


cumlunar flight is the ultimate manned mission consistent 
with our planned booster capability, that is, with the Saturn 
vehicle used in a direct ascent mission. The Saturn C-2 
vehicle can be used for the manned lunar landing mission, 
but only by means of orbital assembly and refueling tech- 
niques. In order to confer escape velocity without orbital 
staging to the mass represented by an Apollo spacecraft fit- 
ted out to land on the moon and return to earth, a much 
larger vehicle than Saturn will be required. 


Before circumlunar missions are attempted, earth-orbital 
flights will be required for spacecraft evaluation, for crew 
training, and tor the development of operational techniques. 
In conjunction with, or in addition to, these qualification 
flights, the spacecraft can be used in earth orbit as a lab- 
oratory for scientific measurements or technological devel- 
opments in space, In order to achieve this multiplicity of 
missions, it may be desirable to employ the so-called "mod 
ular concept” in the design of the advanced manned space- 
craft. This concept is illustrated in Fig. 7. 


In this design concept, various buildup blocks or "mod- 
ules" of the vehicle system are employed for different phases 
of the mission. Basically, the spacecraft is conceived to 
consist of three modules: 

1. A command center module. 

2. A propulsion module. 

3, A mission module, 
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In a manned lunar landing version, there is a goodchance 
that the additional velocity increment required for lunar 
landing will dictate a fourth lunar landing module, The 
command center would house the crew during the launch 
and reentry phases of flight; it would also serve as the flight 
control center tor the remainder of the mission. It is an- 
ticipated that this module will be identical for both the cir- 
cumlunar and the earth-orbital missions, 

The propulsion module would serve the primary function 
of providing safe return to earth in case of an aborted mis- 
sion. In this sense, it might be compared with the escape 
tower and retro-rockets on the Mercury capsule. In addi- 
tion, for circumlunar flight, this component should have the 
capability of making midcourse corrections; it might also 
be used to place the spacecraft into an orbit around the moon 
and eject it from that orbit. In an earth-orbital mission, 
the propulsion module should permit a degree of maneuver- 
ability in orbit or rendezvous with other vehicle. Once 
again, it may be desirable to provide identical propulsion 
units for both orbital and circumlunar flights. 

The command center and propulsion units together might 
be considered, for some applications, as a complete space- 
craft, even without the mission and lunar landing modules, 

The mission module would difter tor the various flight 
missions. For circumlunar flight and lunar landings, it would 
be used to provide better living quarters than the command 
center can afford, and some equipment for scientific ob- 
servations. (Detailed design studies may well indicate that 
the command center and lunar mission modules should be 
combined into a single package. ) 

For earth-orbital tlight, the mission module can be con- 
siderably heavier than tor circumlunar flight. Hence this 
module can usefully serve as an earth-orbiting laboratory, 
with adequate capacity for scientific instrumentation and 
reasonably long lifetimes in orbit. Of all the modules men- 
tioned, only the command center unit would be designed 
with reentry and recovery capability. Fig. 8 illustrates 
some of the requirements for the command center module. 

This module must be designed to reenter the earth's at- 
mosphere at essentially parabolic (or escape) velocity - about 
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36,000 fps, It will have to withstand the severe heating err 
countered at these velocities, and it must be statically over 
the entire speed range from 36, 000 fps to the landing speed. 

_ A degree of maneuverability will be required to stay with 
in the limits of a rather narrow flight corridor. The bound- 
aries of this corridor are determined by maximum tolerable 
loads or heating, on the one hand, and minimum aerody- 
namic loads to cause reentry in a single pass, on the other 
hand. The amount of maneuverability can be minimized 
through the provision ot adequate midcourse propulsive cor- 
rections. 

The maneuverability provided for corridor control should 
also permit a landing at a tixed point (or within a small 
area) on earth. 

A conventional airplane-type landing is not required. In- 
stead, vertical landings using parachutes or other devices 
are acceptable. Because of the world wide aspects of these 
missions, the vehicle must be capable ot surviving both 
ground and water landings. 

An important design consideration is that sate recovery 
must be possible for both normal and aborted missions. As 
in the case of the Mercury capsule, it is expected that the 
most severe requirements will stem trom some ot the oft- 
design conditions. 

There has been a great deal of discussion concerning the 
role to be played by the pilot in a space mission. Under 
the assumption that Project Mercury will demonstrate that 
man can indeed perform useful functions in space, we be- 
lieve that in all future missions the primary control should 
be onboard, 

This guideline is not to be construed as implying that 
there would be no automatic guidance or control systems 
on board Certainly there are many functions that can bet- 
ter be performed automatically than manually. But the ba- 
sic decision-making capabilities, and some control tunc- 
tions, are to be assigned to the man. 

Because of the possibility of a catastrophic tailure ot any 
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Table 1 - Requirements for Propulsion Module 


Primary Secondary 


Lunar orbit 
Maneuvering in earth 
orbit 


Safe recovery from aborts 
Course corrections 


Return from orbit 


of the vehicle stages, the spacecraft must be equipped with 
sufficient propulsion to permit safe crew recovery trom abor 
ted missions. Such capability must be provided for an abort 
at any speed up to maximum velocity and should be inde- 
pendent of the launch propulsion system. Some of the re- 
quirements for the propulsion module are summarized in 
Table 1. 

Preliminary studies have indicated that, tor a circum- 
lunar mission, roughly 1/3 of the permissible spacecrait 
weight will be required tor onboard propulsion. In a normal 
mission, this same propulsion may be applied tor course cor 
rections, both while approaching the moon and when return- 
ing to earth. As mentioned earlier, the propulsion that must 
be carried for emergency considerations may, in a normal 
mission, be sufficient to place the spacecraft into satellite 
orbit around the moon. 

In a manned lunar landing mission, the propulsion mod- 
ule would be used for lunar takeoff and escape, and as I 
mentioned earlier, for lunar landing as well, unless, as will 
probably prove a lighter solution, an additional fourth mod 
ule is used. A fourth landing module, ifincorporated, would 
be employed for course corrections enroute to the moon, 
whereas the propulsion module would provide midcourse ad- 
justments on the return flight. Preliminary studies suggest 
that about 85% of the total weight at earth escape velocity 
must be invested in on-board propulsion. 

For the earth-orbital mission, the propulsion module would 
again serve the primary function of providing sate return ca- 
pability from aborted missions. If it is not needed tor this 
purpose, then the available impuise might be used tor ma- 
neuvering in orbit and for orbital rendezvous with other sat- 
ellites. 

We have tentatively specitied that the advanced manned 
spacecraft should be designed tor a 3-man crew. Our con- 
cept is that, during launch and reentry, this crew would be 
located in the command center unit but, for the remainder 
of the flight, at least two of the crew members would be in 
the mission module. 

The use of a pressure suit in the command center module 
may be acceptable; but the mission module should definite- 
ly be designed to permit "shirtsleeve" operations, that is, 
operations without the use of pressure suits. We believe that 
pressure suits, as currently envisioned, would not be accept- 
able for the duration of a lunar flight. 
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The foregoing requirements apply for both the lunar mis- 
sions and the earth-orbital mission. However, there are 
other requirements that ditter widely between the two types 
of flight. For example, the lunar mission module requires 


~ an environmental control system that need only provide tor 


about 1 week's life support; on the other hand, it may be 
desirable to keep the earth-orbiting laboratory in space tor 
periods ranging from 2 weeks to 2 months. 

The lunar module would carry only a minimum amount 
of instrumentation required to complete the mission, where- 
as a great deal of instrumentation tor scientitic measure- 
ments and observations should be provided in the orbiting 
laboratory. 

Planning thus tar has led to a proposed overall timetable 
for the advanced manned spacecratt program, as presented 
in Fig. 9. 

Three companies have been selected to participate, by 
contract, in a program of system design studies. However, 
it should be emphasized that this program has no ofticial 
standing as yet. Present thinking, however, is outlined in 
Fig. 9 to indicate the probable course of future flight events. 
It should be noted that major Mercury flights will probably 
continue for several years, 

Research and development, ana prototype flights of the 
advanced manned spacecraft are listed to start in 1962 and 
to end in 1965, Early flights in this series would be used to 
verify final design criteria for the spacecraft shape and its 
heat protection. The plan is to use Atlas-Agena-B as the 
launch vehicle for these missions. Following the Atlas-Agena 
flights, the Saturn vehicle will be used for full-scale de- 
velopment and prototype flights. 

Earth-orbital missions, using the final spacecraft, could 
conceivably begin in 1966, with circumlunar missions tol- 
lowing as soon as the state of both technical and aeromedi- 
cal knowledge permits such flights. 


Launch Vehicles 


In launch vehicles as in spacecraft, the NASA quest for 
reliability begins with the principle of multiple use of a 
minimum number of different vehicles. The lunar program 
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will employ three Atlas-based launch vehicles, the Saturn 
and possibly a still more advanced and larger vehicle, which 
is presently the subject of early conceptual studies called 


NOVA. . 
The first Atlas-based vehicle, the Atlas Able 5, depicted 


in Fig. 10, has marginal performance, Its main virtue is 
availability. It was not successful in the few launch attempts 
eondugics and ube prOprere has been HOU The Atlas EMPLOYMENT _ - 
\gena B, shown in Fig. 11, offers a greatly improved pay- LUNAR AND PLANETARY EXPLORATION 
load capability. The Agena B, as mentioned earlier, is ca- «PA HOUR COMMUNICATIONS SATELLITE. 
pable of coasting in a parking orbit under full attitude con- = =—EOLRCL_Wed@sW 
trol, and of engine restart for injection into a lunar transfer 
trajectory. The Agena B second stage has been used very 
successtully in the Air Force Discoverer series, tor example, 
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Discoverer 25, whose capsule was recently successtully re- 
covered. The Air Force will also use the Atlas Agena B tor 
the Samos and Midas Programs. As a result of the AirForce 
programs, the basic design will have had a number ot tir- 


ings before the first one is used for a NASA mission. This ct 
common usage of a vehicle in both Air Force and NASA pro- of ce ENGINES 
grams is a way ot attaining the extensive buildup ot oper- Dig Wen 

ating experience so important to reliability. [t is planned Pre \ 4 ENGINES 


to use this vehicle for scientitic earth satellites as well as 8. poeee 
for the Ranger rough lunar lander. It canlott a 700-lb space- 
craft on an escape trajectory to the moon when launched Fig. 13 — Saturn 


from the Atlantic Missle Range. 
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Fig. 14 — Large vehicles under development 


Fig. 10 — U. S. launch vehicles 

Fig. 12 depicts the Centaur, which will be used to launch 
the Surveyor on soft lunar landing and precise lunar orbiting 
missions, The Centaur pioneers use of liquid hydrogen as 
a high energy tuel. The increased specitic impulse ot this 
fuel gives the Centaur a ZdUU-ib payload capability or about 
three times the payload of the Atlas Agena B on a lunar probe 
mission. The Centaur will be used by the Department ot 
Defense as well as the NASA. In tact, the Centaur pertorm- 
ance objectives originally stemmed trom the DOD require- 
ments for the 24 hr Advent communications satellite. The 
importance of the Centaur to NASA, however, is more tar- 
reaching than merely the requirements tor the Centaur ve- 
hicle itself because of the use of its second stage as a top 
Fig. 11 — Atlas — agenda B stage on some versions of Saturn. In tact, liquid hydrogen 
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is coming to dominate the whole launch venicie picture potn 
as a fuel tor chemical rockets, and as a working tluid tor 
nuclear rockets. 

The initial or C-1 version of the saturn vehicle, shown 
in Fig. 13, is being developed under the management ot 
Wernher von Braun's team at the Marshall Space fF light Cen- 
ter. Its first stage consists of a Cluster ot eight engines ot 
the type used in the Thor, Jupiter, and Atlas, with a total 
thrust of 1,500,000 lb. On top ot it we will use one or two 
hydrogen-oxygen stages. Fig. 14 displays a turther exten- 
sion of the policy of multiple use ot hardware in order to 
achieve reliability. Note that the Centaur stage serves un- 
der the designation S-V as the top stage of the Saturn C-1, 
and of the planned but as yet unapproved second model! ot 
Saturn we call C-2, The S-IV stage employs six of the same 
rocket engines used by Centaur and S-V in a twin installa- 
tion, again with an eye to reliability and minimum devel- 
opment costs through repetitious use. We get a C-2 from 
a C-1 by inserting one new hydrogen-oxygen stage beneath 
the S-IV stage. Incidentally, in four stages the C-2 will 
have 18 engines of only three types. Other versions of Sa- 
turn have been similarly examined. 

We are embarked on a study program, both in-house and 
on contract, to define the NOVA vehicle which will follow 
Saturn. The principal mission we are using as an objective 
in these planning studies is that of injecting an Apollo space- 
craft, configured for the lunar landing and return mission, 
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on an escape trajectory to the moon without benefit of orbit- 
al refueling. Competitive studies are looking at orbital as- 
sembly and refueling using vehicles of the Saturn family. 

The NOVA studies which are being linked to the Apollo 
studies, are carefully planned to yield the answer as to the 
best launch vehicle approach to the direct flight manned lu- 
nar mission. It is entirely possible that these studies may 
lead us to the conclusion that we should use both the Saturn 
orbita] refueling and the NOVA direct ascent approaches, 
with the NOVA being employed initially as an automated 
truck to haul unmanned cargoes of supplies to support an 
Apollo spacecraft launched by the Saturn using orbital re- 
fueling. 

The NOVA studies are considering nuclearas well as chem- 
ical upper stages and all are concentrating on using for first 
stage power various numbers of the 1, 500, 000-1b thrust single 
chamber F-1 engine presently entering its demonstration fir- 
ing phase at Rocketdyne under a NASA development con- 
tract. Large solid rockets are also candidates for the NOVA 
Booster. 

This has been a broad view of the NASA lunar program. 
As can be perceived, it is an evolutionary program. Initial 
phases are underway, others are approved andin earlier stages 
of development. Still others are collections of ideas which 
we are trying to sort out and shape into definite form with 
the invaluable and enthusiastic help of industry, science, and 
other government agencies. 


Analysis and Simulation 


of Automobile Ride 


THE STUDY of automobile ride began shortly after the first 
automobile was built and has continued to the present day. 
Due to the complexity of the suspension system much of the 
work on ride has necessarily proceeded on the basis of em- 
pirical experience. In general, ride has been improved 
largely by means of specific cut and try modifications on 
prototype vehicles under the guidance of expert test driver 
opinion. Numerous attempts have also been made to ana- 
lyze the suspension system mathematically but these have 
been only partially successful. It is the purpose of this pa- 
per to define the ride problem, to relate briefly the signifi- 
cant analytical efforts of the past, and to give in detail the 
use of modern high speed computing equipment in a new at- 
tempt to solve it. 


Definition of Ride Motion 


The automobile considered as a rigid body may experi- 
ence any of six different types of motion. In the automo- 
bile these six motions are denoted by the linear velocities 
u, v, and w and the angular velocities p, q, andr as shown 
in Fig. 1. The axis system is fixed in the car and moves as 
the car moves. Because the automobile possesses a plane 
of symmetry, the symmetric. degrees of freedom (u, w, and 
q) do not couple with the asymmetric degrees of freedom (v, 
p, andr). Consequently, it is possible to break the problem 
of automobile dynamics into two separate problems: the 
first involving motion in the plane of symmetry called lon- 
gitudinal motion and the second involving motion out of the 
plane of symmetry called lateral motion. 

The fore and aft motion in the plane of symmetry, de- 
noted by u, relates to the acceleration and braking charac - 
teristics of the car and is called the "performance" motion. 
The up-and-down and pitching motions in the plane of sym- 
metry, denoted by w and q, are together considered the pri- 
mary “ride” motions of the car, while the three remaining 
motions (yawing, rolling, and sideslipping) are generally 
associated with steering control and are called the "handling" 
motions. 

Since the "ride" and "handling" motions are largely un- 
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coupled it is possible to study them separately. Consequent- 
ly a study of "ride" can be begun by studying only two mo- 
tions, bouncing and pitching. 


Historical Development of Ride Analysis 


The earliest work of importance in analyzing ride was 
done in England by Rowell (1).* This work was done at such 
an early date (1922) that shock absorbers had not come into 
general use and the only damping in the suspension was due 
to friction in the leaf springs. Rowell's analytic work in the 
realm of undamped, free vibration was later extended by 
Guest (2) and Olley (3). As is frequently the case, the auto- 
mobile suspension system is such a nonlinear complex that 
analytic efforts to understand suspension performance quickly 
bogged down. It became apparent that computer simulation 
of some sort would be required to solve the suspension prob- 
lem. The first analog computer used in suspension analysis 
was a mechanical differential analyzer built specifically for 
the task by Schilling and Fuchs in 1941 (4). It solved the 
suspension problem for only a single degree of freedom but 
did permit the inclusion of a nonlinear characteristic for the 
shock absorber. A particularly important use of this com- 
puter was the determination of transient vertical accelera- 
tion characteristics as experienced by the passengers, and 
how these transients could be varied by altering the shock 
absorber characteristics. 


CAR PATH 


Fig.1 —Separation of longitudinal and laterial motions 
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Fig. 2—Schematic view of the ride simulator 


Fig. 3—Instrumental wheel used to measure road waves 


A further advance in the analysis of ride was made by 
Jeska in 1953 when a 4-deg of freedom model was studied 
(5). The motions considered were the vertical motions of 
the front and rear wheels together with the bounce and pitch 
of the body. The analysis included an actual road wave, 
measured by a photographic technique, and a transportation 
lag equal to the car's wheelbase divided by the car's forward 
velocity. The incorporation of the transport lag was made 
necessary by the fact that a road disturbance which excites 
the front end of the car will also excite the rear of the car 
at a known later time. Good agreement was obtained be- 
tween the analog simulation and experimental data obtained 
by driving a car over a known stretch of road. 


General Ride Problem 


It can beseen that prior tothe beginning of this study the 
analysis of ride had been concerned primarily with the sus- 
pension system. A small amount of work had been done on 
passenger tolerance to vibration but not in sufficient detail 
to be useful. There was little or no data on the types of ir- 
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regularities present in various road surfaces and because of 
this lack, investigators were using single sine waves or step 
bumps (curbs) for input disturbances. Viewed in an overall 
sense the ride problem can be seen to be threefold in nature 
because it concerns the road, the car, and the passenger. 
Consequently, a complete analysis of ride must take into 
consideration all three quantities. 


Ride Analysis Through Simulation 


Subsequently it became apparent that high speed analog 
computers could be successfully employed to solve the equa - 
tions of ride motion in greater complexity than had previous- 
ly been attempted. Tape recorders had been developed sat- 
isfactorily such that if a road wave could once be recorded 
on magnetic tape, it could then be "played" into the analog 
computer as an input disturbance tothesuspensionsystem. By 
using two pickup heads the road wave could be determined 
at two points analogous to the front and rear wheels of the 
car. There only remained the problem of inserting the pas- 
senger into the analysis. It seemed reasonable that the best 
way to include the passenger in the analysis was to put him 
in physically. This has been accomplished by constructing 
a servo-controlled motion simulator which can seat two pas- 
sengers and which follows the motions determined by the an- 
alog computer. An overall schematic view of this system, 
which is called a Ride Simulator, is shown in Fig. 2. It is 
composed of: 


1. A tape recorder to provide road wave inputs into the 
system. The signal of the tape is picked off at two points 
simulating the front and rear wheels of the car. The tape 
speed is variable and by speeding up the tape, the car being 
simulated is also "speeded up.” 


2. An analog computer which takes in the signals from 
the tape recorder and, from these inputs to the car's suspen- 
sion, determines what car body motions would result. The 
analog computer runs in "real time", which means that the 
ride responses that are generated by the computer occur at 
the same rate as would the equivalent ride responses of a 
real car on a real road. 

3. A motion simulator to reproduce the car body mo- 
tions determined by the computer. The simulator is com- 
prised of a portion of a standard car body and is driven by 
electrohydraulic servo-mechanisms whose inputs are output 
voltages from the analog computer. Two passengers may be 
accommodated in the motion simulator and the driver may 
control the speed of the car by pressing the brake or accele- 
rator which sends a signal to a small computer which deter - 
mines the resulting car speed and which, in turn, sends a 
speed signal to the tape recorder. 

Since the Ride Simulator is comprised of three rather 
complex components, the following sections of this paper 
will be devoted to a detailed description of each part. 
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Tape Recorder 


Determination of Road Profiles - As previously noted, a 
source of real difficulty in simulating automobile suspen- 
sions has been the lack of detailed data on road profiles. 
Numerous efforts have been made in the past to determine 
road profiles, among them are direct surveying methods and 
specialized surveying methods using a light beam as a space 
reference. In general, the shortcomings of these methods 
are that they are tedious and that they are not adaptable to 
long stretches of road (10 or 20 miles). General Motors is 
currently exploring another possibility -- that of obtaining 
the vertical accelerations induced in a towed wheel as it is 
rolled along the road and then integrating the acceleration 
twice to obtain displacement. The wheel used in this work, 
shown in Fig. 3 is essentially a bicycle wheel fitted with a 
special tire. Also shown in this figure is a standard fifth 
wheel which is used to generate a speed signal. The wheel 
is preloaded with a low rate spring to maintain contact with 
the ground. The wheel-spring combination acts as a low- 
pass filter with a break frequency of about 60 cps. The ac- 
celerometer output is passed through a high-pass filter that 
has a slope of 18 db per octave and a break frequency of 
one-half radian persec. This filter is composed ofopera- 
tional amplifiers, as shown in Fig. 4, and the double inte- 
gration is performed within the loop. In Fig. 4, S2X repre- 
sents the acceleration input and Y is the displacement out- 
put. Although there remains considerable work to be done 
before this system is completely satisfactory, a number of 
successful short time runs has been made. An oscillograph 
record of cne of these runs is shown in Fig. 5. The road 
profile used in this test was a home-made triangular bump. 
The acceleration resulting when the wheel rolled over the 
bump is shown in the center of Fig. 5 and the displacement, 
recovered successfully by a double integration, is shown at 
the top. The measure of the wheel suspension displacement 
is used primarily as an event marker on the oscillograph 
record. 

In addition to recording particular sections of various road 
surfaces, it is also possible to characterize the road surface 
statistically. Then by use of electronic noise generators and 
appropriate filters, it is possible to determine ride responses 
for a known statistical input without recourse to recording of 
actual roads. Although there is very little data available on 
highways, the statistical approach, employing power spec - 
tral densities, has been satisfactorily used to determine 
ground loads induced in aircraft when taxiing over rough 
runways (6). 

Time Delay Generation - Once the road waves have been 
recorded on magnetic tape, there remains the problem of 
providing the inputs to the front and read suspension. For 
cars with equal front and rear treads, the road input func- 
tions for the wheels on each side of the car are identical but 
displaced with respect to each other by the length of the 


R, H. KOHR 


wheelbase. Previously a number of special purpose road 
function generators had been built in order to overcome this 
obstacle. In the case of the Ride Simulator, a general pur- 
pose magnetic tape unit was utilized to provide the delay 
in addition to acting as the input road wave generator (7). 
This unit, shown in Fig. 6, utilizes a modified commercial 
tape transport with two magnetic heads. The lower head is 
used for recording purposes, and both heads are used for re- 
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Fig. 4—Filter integrator circuit 
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Fig. 5—Triangular road wave determined by instrumental wheel 
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producing purposes. When the signal is picked off by both 
the lower and the upper heads there is a delay in the signal 
of T = d/V sec, where d is the distance between the heads 
and V is the tape speed. The tape speed is directly anal- 
ogous to the car's speed and, similarly, the spacing between 
the magnetic heads is analogous to the car's wheelbase. Each 
head will handle two channels of information so that one 
channel represents the road function under the right side of 
the car, the other, the left. 

The tape recorder employs pulse-width modulation as a 
recording means. The delay range available is 0.04-1.5 
sec. The tape speed control is continuous over the range 
4 in./sec - 40 in./sec. This corresponds to car speeds in 
the range 15-150 mph. The unit will accept signals in the 
frequency range of 0-30 cps. Input and output impedances 
are similar to those normally associated with analog com- 
puter amplifiers. 


Automobile Simulation 


Seven Deg of Freedom Model - The car model simulated 


in the computer is the 7 deg of freedom system shown in Fig. 
7. This system considers the vertical motions of all four 
wheels plus the bounce, pitch, and roll of the body. Al- 
though the early analysis of ride motions did not include roll 
effects, the high human sensitivity to roll displacements lit- 
erally dictates that rolling motions be incorporated in a 
complete ride study. Only typical car dimensions and pa- 
rameters are given in this figure to reduce clutter, The sim- 
ulation of this system involves summing the forces on each 
wheel and summing the forces and torques that act on the 
body. 

The general procedure is shown in Fig. 8. The system 
is put into motion by the road wave input which enters the 


Fig. 7—Seven deg of freedom suspension system 
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tire. The difference between the road wave input and the 
wheel motion, acting through the tire characteristic, pro- 
duces the tire force. Motion of the wheel mass results from 
the difference of the tire force and the suspension force. The 
suspension force is produced by the difference of wheel mo- 
tion and body motion acting through the suspension charac - 
teristic. Finally, the body motion results from the action 
of the suspension force upon it. Lagrange’s equations were 
employed to derive the equations of motion of the ride sys- 
tem. These equations are given in detail in the Appendix. 

In order to determine numerical values of the parameters 
required in the equations of motion, it was necessary to 
measure the inertia, spring, and damping characteristics of 
the body, suspension and tires. For the study a typical 1958 
production car was chosen. Fortunately, most of the requir- 
ed parameters could be measured on existing test apparatus. 
For example, the pitching moment of inertia was measured 
by swinging the car as part of a compound pendulum. Spring 
rates were determined on a standard test rig that applied 
force to the suspension and measured the resulting deflec - 
tions. Shock absorber characteristics were determined by a 
stroking machine which gave shock absorber force as a func- 
tion of input velocity. Tire damping was measured by ap- 
plying a sharp pulse of force to the tire and determining the 
time the oscillation required to damp out. In all, there are 
37 car parameters used in the simulation. Typical car pa- 
rameters are given in the Appendix. 

Analog Computer - With the equations of motion and 
the car parameters in hand, the car ride response was deter- 
mined on an analog computer. The computer solves the 
equations of motion by summing the*various forces acting 
oneach mass or inertia. Fig. 9 shows this procedure for one 
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Fig. 8—Block diagram of suspension system 
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Fig. 10—Comparison of analog and digital solutions 


Fig. 11—Overall view of ride simulator showing computer, 
motion simulator, and control console 
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Fig. 12—Schematic diagram of simulator servo system 


end of the car whose vertical motion has been denoted by 
the coordinate X. The forces acting on the mass of this end 
of the car are summed at the variable gain amplifier which 
is used as an integrator. The acceleration of this mass is 
equal to the sum of the input forces divided by the mass un- 
der consideration. The variable gain amplifier of Fig. 9 
performs the three functions of summing the forces, divid- 
ing by the mass, and integrating the resulting acceleration 
into velocity. In Fig. 9 this velocity is denoted as the out- 
put (dX/dt) of the variable gain integrator. The velocity 
is then integrated in a second fixed-gain integrator to pro- 
duce the displacement -X. The displacement signal is then 
inverted to +X by the inverter. In the computer there are 
seven circuits like the one shown in Fig. 9 together with 
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nonlinear function generators to represent the springs, shock 
absorbers, and tires. The outputs of the computer represent- 
ing the motion of the front, rear, and roll of the car are fed 
to the motion simulator. It should be noted that not only 
the displacement signal X but also the velocity signal dX/dt 
is fed to the motion simulator. The reason for this will be 
made clear in a later section. 

The analog computer used to solve the equations is a 
general purpose unit, no special equipment being required. 
In all, 82 operational amplifiers are required to solve the 
problem and provide coordinate transformations, and as 
many as 16 function generators may be used depending on 
how many nonlinearities are considered. 


Comparison Between Analog and Digital Solutions - An 


analog computer solution of the linear 7 deg of freedom sys- 
tem is given in Fig. 10. The corresponding digital check 
solution is indicated by dots. The input used was a step 
bump or curb on the left side of the car only. The three 
traces show the roll response (), the front end vertical 
motion (Z¢), and the rear end vertical motion (Zy). The 
car parameters are those of a typical production car travel- 
ing at 45 mph. This simulation was carried out in real 
time, and the agreement between the analog and digital 
computers is quite good. 


Motion Simulator 


A view of the motion simulator together with the control 
console which controls it is shown in Fig. 11. The body 
which can carry two passengers is shown without hood and 


fenders. The weight of the body and frame are supported 
by hydraulic pressure in the central cylinder. ‘I'he hy- 


draulic pressure is supplied by an accumulator which al- 
so acts as a very low rate spring. Vertical motions at 
the front and rear of the car are provided by valve-con- 
trolled hydraulic cylinders. These servo-cylinders ex- 
ert vertical forces on movable pads which are guided 
on rails. These pads are connected to the ends of the car 
frame and, consequently, when the pad moves the car frame 
moves also. The servo cylinders are located approximately 
at the centers of percussion in order to prevent the front ser- 
vo from loading the rear and vice versa. Roll actuation is 
provided by a rotary actuator mounted on the rear movable 
pad. It is carried up and down in pitch and bounce and as 
a result there is no appreciable coupling between pitch, 
bounce and roll. It is worth emphasizing that the central 
cylinder supports the entire weight of the car body and pas- 
sengers, and that the servos are used only to provide dynam- 
ic forces to produce motion. The valves which control the 
flow of oil to the servo-cylinders are actuated by voltages 
supplied by the computer, A block diagram of one of the 
servo systems is shown in Fig. 12. The input to the servo 


is the voltage Ej and the output is X. The servo loop is 
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Fig. 13—-Frequency response of motion simulator servo 


completed by a voltage E, supplied by movement of the 
wiper on the feedback potentiometer. The transfer function 
of this simplified system, which neglects oil spring effects 
and numerous nonlinearities, is X/E], which is the inches of 
simulator movement per volt input to the servo. It can be 
seen that the transfer function can be written as: 


ee G_ _In. of Displacement 1 
Epon lite TS Volt Input @) 


Thus it may be seen that the system will not give good 
reproduction of output frequencies much higher than 1/T} ra- 
dians per sec, Fortunately, the analog computer provides 
a way around this frequency limitation. For example, if 
the system were perfect, the system response to a voltage 
E, from the computer would be: 


2 =¢ 2 
a (2) 


If the simulator is to track a voltage E, it can be shown 
that the servo input Ej should be made equal to Ec+T]SEc. 
To prove this set: 


+_4 =.G (3) 
Erne; 
But since X/E] = G/(1 + TS), it is clear that: 


dE¢ 
Ey = Ey (1 + TS) = Ep + T] (4) 


Thus it may be seen that if the motion simulator is ac- 
curately represented by the simple transfer function G/(1 + 
JT S) that the simulator may be made to track a voltage Ec 
from the computer provided that the input voltage to the ser- 
vo is the tracked voltage E, + Tj times its time derivative. 
Fortunately, this derivative already exists in the computer 
and it is a simple matter to multiply it by Tj and feed it to 
the servo. This action effectively cancels an unwanted pole 
in the transfer function. The effect of this cancellation 
compensation is shown in the frequency response curves of 
Fig. 13. It may be seen that the normal servo system has 
a bandwidth of about 4 cps (the bandwidth is the maximum 
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Table 1 - Ride Simulator Performance Figures 


Bounce Pitch Roll 
Maximum Acceleration 1250in./ 1150 deg/ 500 deg/ 

sec? sec? sec 
Maximum Velocity 40 in. / 48 deg/ 240 deg/ 

sec sec sec 
Maximum Displacement + 5 in. + 6 deg + 10 deg 
Bandwidth 5 cps 5 cps 4 cps 
Positional Accuracy 0.020 0.025 0.10 

in. deg deg 


frequency at which the amplitude ratio is within +3 db of 
the amplitude ratio at zero frequency). The effect of can- 
cellation compensation is to extend the bandwidth to 7 cps. 
It is also clear that the transfer function of the system is 
more involved than the simple formula shown previously. 
The main performance figures of the Ride Simulator are 
given in Table 1. The bandwidth figures given represent the 
performance of the servos when cancellation compensation 
is used. 

The simulator performance requirements originated in 
road test data which determined extremes in each of the var- 
iables. The road data were determined by driving an instru- 
mented test car over a number of different bumps at various 
speeds and determining the peaks of the acceleration, veloc- 
ity, and displacement transients. From a collection of these 
curves, an extreme for each variable was obtained. A com- 
parison of the observed maximum ofeach motion variable 
with the corresponding Ride Simulator performance is shown 
in Table 2. 

It may be seen that the Simulator has the capability of 
reproducing the extremes of real car motion with the ex- 
ception of bounce displacement. This is not considered a 
major drawback since a 5 in. bump, which the Simulator 
can accommodate, represents a violent disturbance to the 
passengers at almost any road speed. 

In addition to providing a means of extending the appar- 
ent servo bandwidth, the computer calculates the coordinate 
transformation required when the center of gravity of the 
simulated car does not correspond with the fixed pivot of the 
motion simulator. By means of another coordinate transfor- 
mation it is possible to provide the sensations of rear seat 
ride to passengers occupying the front seats of the motion 
simulator. 


Comparison of Overall Response to Real Car 
Response 


The real point of a ride simulator is that the simulator 
will produce to a high degree of fidelity the motions experi- 
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ee I 
Table 2 - Comparison of Ride Simulator and 
Real Car Performance 


Bounce Pitch Roll 
Maximum Acceleration 
Real car 230 in. 180deg 395 deg 
/sec® /sec2 /sec”. 
Simulator 1250 in. 1150 deg 500 deg 


/sec2 /sec2 /sec® 


Maximum Velocity 


Real car 30 in. 14 deg 28 deg 
/sec /sec /sec 
Simulator 40 in. 48 deg 240 deg 
/sec /sec /sec 
Maximum Displacement 
Real car 6 in. 5 deg 9 deg 
Simulator 5 in. 6 deg 10 deg 


enced by a real car on areal road. To prove out the com- 
plete system a typical production car whose parameters had 
been completely determined was instrumented with an inte- 
grating accelerometer and then was driven over a triangular 
bump at 20 mph. The triangular bump used in this work was 
60 in. long and 4.8 in. high. Then the Ride Simulator was 
put through the same procedure, namely: 

1. An identical triangular bump was recorded on mag- 
netic tape and played into the computer by the Simulag. 

2. The computer determined what the car's responses 
should be and sent motion signals to the motion simulator. 

3. The simulator moved representing the motion of the 
car over the bump. 

To demonstrate the fidelity of the overall simulator, the 
integrating accelerometer was removed from the car and was 
installed in the same location in the motion simulator body. 
The results of this test which compare the response of a typ- 
ical 1958 production car with a simulated version of the 
same car are shown in Fig. 14. A comparison of accelera- 
tions is shown at the top of this figure and a comparison of 
displacements at the bottom. The agreement is generally 
good. The oscillations in the acceleration trace for the pro- 
duction car are due to a stiffer rear floor pan where the ac- 
celerometer was mounted. 


Conclusion 


The Ride Simulator has demonstrated its ability to repro- 
duce the on-the-road ride response of real cars. The way 
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is now open to evaluate new suspension systems without re- 
course to expensive component constructions and to study 
the passenger and seat combination under closely controlled 
conditions. The Ride Simulator is an important step forward 
in ride analysis because it will enable improvements in ride 
to be made with a minimum of time and effort. 
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Fig. 14A—Acceleration comparison of real and simulated cars 
passing over triangular bump 
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Fig. 14B—Displacement comparison or real and simulated cars 
passing over triangular bump 
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Electronic Analogue Computers," Proc. National Simulation passenger cars. Quantities are positive as shown in Fig.15. 


Council, 1957, 6.0 - 6.9. : 
Axis System 
X, Y, Z = See Fig. 15 for axis orientation. These axes 


Appendix I are fixed in and move with the automobile. 
Notation and Axis System Displacements 
Fig. 15 shows a schematic view of an automobile with Wy, We, W3, W4= Vertical displacement of the ground 


three orthogonal axes fixed in the body. Fig. 16 shows a 
schematic view of a typical independent front suspension 


under the wheels, ft 
Z1, 29, 23, Z4 = Vertical displacement of the wheels, ft: 


while Fig. 17 shows a schematic view of a typical rear sus- Zr = Vertical displacement of the sprung 
pension incorporating a solid rear axle. These front and mass at the front wheel centerline, ft 
rear suspensions are typical of those encountered on current ZR = Vertical displacement of the sprung 
mass at the rear wheel centerline, ft 
ZcG = Vertical displacement (bounce) of the 
iz sprung mass center of gravity, ft 
a) = Angular displacement of the sprung 
mass (roll) about the X axis, radians 
Ce) = Angular displacement of the sprung 


mass (pitch) about the Y axis, radians 
All displacements are in absolute coordinates and are 
measured from the static equilibrium position. 


Inertia Quantities 


M1 = Unsprung mass, left front wheel, slugs 

M9 = Unsprung mass, right front wheel, slugs 

M3 = Total unsprung mass at rear, slugs 

M = Sprung mass, slugs 

Ix = Moment of inertia of the sprung mass 
about the X-axis, slug -ft? 

ly = Moment of inertia of the sprung mass 
about the Y-axis,« slug -ft2 

Fig. 15—Complete schematic of seven deg of freedom 13 = Moment of inertia of the mass Mg a- 


i tem “ 5 : 
a bout an axis through its center of gravity 


parallel to the X-axis, slug-ft 


SPRUNG MASS 
M Spring Terms 
Ky, Kg, Kg, Kg = Spring rates between wheels and sprung 
mass, lb/ft 
Ks, Kg, K7, Kg = Tire spring rates, 1b/ft 
Kg = Front roll spring rate (roll bar), ft 1b/ 
radian 
Fig. 16—Schema- K = Rear roll spring rate (roll bar), ft 1b/ 
tic view of typical 10 ; ee ( ) 
independent front radian 
suspension 


Damping Terms 
Ci, Cg, C3, C4 = Damping factors between the sprung 


mass and the wheels, 1b-sec/ft 
C5, Cg, C7, Cg = Damping factors of the tires, Ib-sec/ft 


Cg = Front roll damping, ft-lb-sec/radian 

C10 = Rear roll damping, ft-lb-sec/radian 
Dimensions 

Ib, = Wheelbase, ft 


R Fig. 17—Schema- a = Distance from the front wheel centers 
tic view of typical 
TR rear suspension to the c.g. of the sprung mass, ft 
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b = Distance from the rear wheel centers 
to the c.g. of the sprung mass, ft 
Tr = Front wheel tread, ft 
Tr = Rear wheel tread, ft 
Aes = "Tread" of front springs (Fig. 16), ft 
TCR = "Tread" of front dampers (Fig. 16), 


usually equal to TKp in independent 
front suspensions, ft 


Rp = Distance from front swing arm pivot,to 
wheel, ft 

TKR = "Tread" of rear springs (Fig. 17), ft 

TCR = "Tread" of rear dampers (Fig. 17), ft 


Dimensionless Parameters 


NE = Gear ratio between the front spring and 
front wheel, (Rp - Tp/2 + TKp/2)/Rp 

Nkp = Gear ratio between rear wheels and rear 
suspension spring, TKp/TR 

NCR = Gear ratio between rear wheels and rear 


dampers, Tcp/TR 


Appendix II 

Equations of Motion - The following equations de- 
scribe the ride motions of an automobile by considering the 
vertical motions of each of the four wheels, as well as the 
bounce, pitch, and roll of the body. For convenience, the 
bounce and pitch are replaced by the motions at the front 
and rear of the body (ZF and Zp). For the relatively small 
motions encountered in ride a simple linear transformation 
may be used to relate ZF and ZR with the bounce and pitch 
motions. In the following equations a dot over a variable 
indicates a time derivative, for example Z4 = dZ,/dt. 


Sum of Forces on Left Front Wheel 

M4Z1 + Np*(CyA + KA) + (CsG + KsG) - 

aia (C E+K E) = 0 

epee en ieiet (5) 
Sum of Forces on Right Front Wheel 

MoZo + Np” (CoB + KoB) +(CeH + KgH) + 


il x 
— E = 
Tp (CoE + KgB) = 0 (6) 


Sum of Forces on Left Rear Wheel 


a igi Ncp os 
W123 + WoZ4 + a C3C + 


1+N -Nce Ls 
( ) KC + (- ~*) C4D + 
2 2 


R, H. KOHR 


= NG i 
a K4D + (CaP + K7P)- 7 (CyoF + 
2 


Kj0F) = 0) (7) 


Sum of Forces on Right Rear Wheel 


= 2 1+N 
4 nie Mi D + XR K,D+ 
at, g we K3C 9 C4D 9 4 
. a . 
— (Cy10F + Ky0F) = 0 (8) 
(Se a ReOhae 10 10F) 


Sum of Forces on Front End of Sprung Mass 


RZp + SZp - Np? (CyA + Kj A) - Np2(CoB+KoB) = 0 
(9) 


Sum of Forces on Rear End of Sprung Mass 
TZp + SZp - (CgC + KgC) - (C4D+K4D)=0 (10) 


Sum of Torques Tending to Produce Roll 


2 : y) . 
ly $ - NF TF(CjA + KyA) + Np“Tp (CoB + KoB) 


9. 
te T s 
_TR Ncp C3C + Nx, K3C +_ (Nc, C4D + Nx,\K4D 
2 
+ (CoE + KgE) + (CyoF + Ky oF) = 0 (ela) 
where: 
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It may be noted that A and A apply to spring Ky and 
shock absorber Cj respectively in the left front wheel equa- 
tion. However in the left rear wheel equation C applies to 
spring Kg while C applies to shock absorber C3. This situa- 
tion occurs because the front spring and shock absorber are 
coaxially mounted but this is not true in the réar where the 
spring “tread” and the shock absorber "tread" are not equal, 
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Typical Parameter Values - The parameters given below 
pertain to a typical 1958 production car with two passengers 


in the front seat. 


Inertia Parameters 
My, Mo = Front unsprung masses, 3.00 slugs each 
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M3 = Rear unsprung mass, 9. 67 slugs 
M = Sprung mass with passengers, 123.03 
slugs 
Ix = Roll inertia, 524 slug ft? 
ly = Pitch inertia, 2541 slug ft? 
Spring Parameters 
Ky, Kg = Front spring rate, 4577 lb/ft 
Kg, K4 = Rear spring rate, 1275 lb/ft 
Ks, Ke, K7, Kg Tire rate, 13,775 lb/ft 
Kg = Front roll stabilizer rate, 7956 lb-ft/ 
radian 
K10 = Rear roll stabilizer rate,none 


(no stabilizer) 


All the spring rates given above are nonlinear to some 
degree. The values given above are linearized values ob- 
tained by fitting a straight line to each spring curve at its 
origin (static position). 


Damping Parameters 


Cy, Cg = Front damping characteristic, 81.50 
lb-sec/ft 

C3, C4 = Rear damping characteristic, 68.44 
lb-sec/ft 

C5, Cg, C7, Cg = Tire damping characteristics, 1.0 lb- 

sec/ft 

Cg, Cio Roll damping characteristics, none 

Fr = Front friction level, 42 1b 

ER = Rear friction level, 4 1b 


x 


All the damping rates above are extremely nonlinear. 
Like the spring terms, they have been linearized by fitting 
a straight line to each damper curve at the zero velocity 
point. 


Dimensions 

L = Wheelbase, 9.79 ft 

a = Distance from front wheel centers to 
the CG of the sprung mass, 4.17 ft 

b = Distance from rear wheel centers to 
the CG of the sprung mass, 5. 62 ft 

Tp = Front wheel tread, 4. 90 ft 

TR = Rear wheel tread, 4. 90 ft 

TKR = Front spring tread, 4. 08 ft 

TCR = Front damper tread, 4. 08 ft 

Rp = Distance from front swing arm pivot 
to wheel, 1.29 ft 

TKR = Rear spring tread, 3.19 ft 

TCR = Rear damper tread, 1.59 ft 


Fuel Injection and Positive Ignition 


A Basis for Improved Efficiency and Economy 


HEAT ENGINE cycles involve three essential phases: com- 
pression, heat addition, and expansion. Other things being 
equal, the efficiency of converting heat to work increases 
with the ratio of compression and expansion. This trend is 
so well-known to engineers and even to the general public, 
that compression ratio and efficiency have come to be vir- 
tually synonymous. 
ratio have beeh important considerations in the development 


Historically, increases of compression 


of more efficient engines. 

Once a sufficiently high compression ratio has been at- 
tained, it appears that other considerations, particularly 
those associated with the heat addition phase of the cycle, 
may provide a more rewarding basis for further developments. 
Two of the most important of these other considerations are: 

1. The high thermodynamic efficiency associated with 
the combustion of lean mixtures. 

2. The practical economic value of utilizing broad boil- 
ing range fuels with no octane or cetane number specifica- 
tions that can be produced from crude oil in high yield and 
with low processing charges. 

A combustion process that exploits these two important 
factors and has other desirable characteristics has been under 
development at the Texaco Research Center-Beacon for some 
years under the name, Texaco Combustion Process. The 
concept of this process has been described in earlier publi- 
cations (1,2,3), The present paper reports progress on en- 
gineering development of the process and illustrates the ap- 
plication of the process to a variety of sizes and types of 


*Numbers in parenthesis designate references at end of 
paper. 
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engines. Because of the large amount of engineering re- 
search that has been done, it has been necessary to confine 
this paper to a briet outline of the principal tactors, and 


study methods involved, and a sampling of the results. 


Method of Operation 


The Texaco Combustion Process (TCP), illustrated sche- 
matically in Fig. 1, involves a coordination of fuel injec- 
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Fig. 1 — Texaco Combustion Process 


tion and positive ignition with swirling air. When com- 
bustion is to begin, near the end of the compression stroke, 
fuel injection is initiated and the first increment of fuel is 
ignited to establish a flame front immediately downstream 
from the nozzle. As injection continues the additional mix- 
ture supplied to the flame front is burned approximately as 
rapidly as it is formed. 

High-speed motion picture studies of the Texaco process 
have been made in a two-stroke-cycle loop scavenged en- 
gine equipped with a quartz observation window as a cylin- 
der head. Fig. 2 shows a schematic diagram of the test 
alrangement and a photograph enlarged trom a selected 
frame of one of the high speed motion pictures. It is evi- 
dent that actual combustion, shown by the photograph, 
closely follows the idealized concept of the Texaco process, 

Many characteristics of the Texaco process are direct 
consequences of the coordination of air swirl, fuel injection, 
and positive ignition that is illustrated in Figs. 1 and 2. It 
is useful to note these characteristics in comparison with 
diesel and gasoline engine combustion characteristics as 
follows: 

TCP in Comparison to Diesel - Positive, immediate ig- 
nition of the first increment of fuel eliminates the need for 
high compression ratio and cetane number to achieve com- 
pression ignition, It also eliminates the ignition delay that 
is characteristic of the compression ignition process. 


The maximum pressures and rates of pressure rise that 
occur with Texaco Combustion are considerably lower than 
is typical of compression ignition. Combustion loads, noise, 
and shock are correspondingly less severe, and the heavy 
rigid structural characteristics of diesel engines are not re- 
quired. The positive ignition feature virtually eliminates 
the carbon formation associated with the compression igni- 
tion reaction so that the Texaco process achieves higher air 
utilization, and results in exceptionally good cold starting 
and warm up characteristics. 

TCP in Comparison to Gasoline - Injection of the first 
increment of fuel at the time of ignition eliminates the pos- 
sibility of preignition with the Texaco Process. Combustion 
of the remaining fuel substantially as rapidly as it is injected 
eliminates knock, regardless of the octane number of the 
fuel, since unburned mixture does not have enough residence 
time for the pre-knock reactions to occur. 

Load control is obtained by regulating the duration of 
fuel injection in proportion to the desired engine output, with 


TIMING 
DISK 


CAMERA VIEW LAYOUT SAMPLE FRAME FROM FILM 
Fig. 2—High speed motion picture studies of Texaco combustion 


full load duration corresponding to about the time for one 
air swirl. This injection duration will impregnate the entire 
air charge with fuel in about stoichiometric proportions. 
Thus, the entire TCP operating regimen is on the lean side 
of stoichiometric and load control does not require intake 
throttling. 

The foregoing comparative Texaco process character- 
istics imply freedom to choose compression ratio and/or 
supercharge regardless of the octane or cetane number of 
available fuels, and the ability to utilize lean mixtures. 

Fig. 3 presents a theoretical comparison of the Texaco, 
otto, and diesel cycles. Curves of thermal efficiency ver- 
sus mixture strength are shown for the Texaco cycle at 10:1 
compression ratio and|for Otto (gasoline) and diesel cycles 
at their conventional compression ratios. The efficiencies 
are for the fuel-air cycles with no heat loss, with instanta- 
neous events, with idealized constant pressure combustion 
for the diesel and with idealized constant volume combus- 
tion for the Texaco and gasoline cases. The figure high- 
lights several important characteristics to be looked for in 
the subsequent Texaco process engine performance data: 

1. The high efficiency of the lean mixture, constant 
volume combustion Texaco case contrasts with the rich mix- 
ture gasoline case of comparable compression ratio, and 
with the much higher compression ratio, constant pressure 
combustion, diesel case. This will show up in engine test 
results by TCP part-load fuel economies being as good as 
those for comparable diesel engines and very much better 
than those for gasoline engines. 

2. The Texaco process air utilization is greater than 
that of the diesel case but less than for the gasoline case at 
its maximum power mixture strength. This shows up in en- 
gine performance by TCP smoke limited mean effective 
pressures being generally greater than for comparable diesels 
but not so high as for gasoline engines at their maximum 
power mixture strength. 

Since Texaco process characteristics include the elimi- 
nation of octane and cetane numbers as relevant fuel qual- 
ities.and permit the use of hydrocarbon fuels of very broad 
boiling range, TCP engines have good “all fuel" character- 


° 
@ 
Oo 


2 >--- ; ; +) 
DIESEL | 

16.1 COMP RATIO | 

1 TEXACO 

x 10:1 COMP RATIO 

Sain nl 


-= 


= = A =| ps = | = ~~ =| 
SMOKE LIMIT yes 
eel | 
LIMIT OF SPARK oT 
IGNITION —— 
ais | 


STOICHIOMETRIC | 
se 


SMOKE LIMIT +4 
i] 


° 
a 
fe) 


TO ' 
9:1 COMP RATIO 


i 4 


THERMAL EFFICIENCY 
(eo) 
rs 
(e) 


0 a2 04 0.6 08 1.0 1.2 14 
RELATIVE MIXTURE STRENGTH 


Fig. 3 — Operating ranges and theoretical efficiencies of several 
engine cycles 
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istics. They can operate essentially interchangeably on a 
variety of fuels such as light furnace oils, kerosine, jet and 
diesel fuels, motor and aviation gasolines. More important, 


however, the ideal TCP fuel is simply a clean hydrocarbon » 


mixture, boiling between 100 and 700 F with no octane or 
cetane number specification, which can be made from crude 
oil in very large yields with minimum processing costs. The 
jet fuel, JP-4, which has extensive production and distribu- 
tion at low cost, is an approximation to this ideal and this 
type of fuel has been used most extensively in the TCP de- 
velopment work. 


Engineering Development of the Texaco Process 


The authors’ company is not a manufacturer of internal 
combustion engines and this fact determined that emphasis 
should be placed on gaining a good understanding of the pro- 
cess and of the principles involved in applying it to a variety 
of types and sizes of engines rather than on developing a fin- 
ished version of any one engine. This work has resulted in 
a number of useful design and construction details for those 


engine components that relate to the Texaco process and 


also in a procedure for estimating the performance of a pro- 
posed TCP engine. Both the components and the estimating 
procedure have been verified by construction and test of a 
substantial number of laboratory type single and multicyl- 
inder Texaco process engines. 

The principal special considerations for applying the Tex- 
aco process to an engine are: 

1. To provide a means for inducing air swirl. 

2. To select a combustion chamber in which the induced 
air swirl will persist. 

3. To select a suitable fuel spray and a proper location 
for it relative to the air swirl. 

4. To select an ignition source and a proper location 
for it relative to the fuel spray and air swirl, and a proper 
timing relative to the fuel spray. 

The earliest studies of the Texaco process were made in a 
single cylinder CFR engine of the type used for supercharged 
knock testing, and this became the point of departure and 
reference for the ensuing development work. In this engine, 
air swirl was induced by a shroud on the intake valve; the 
combustion chamber had the shape of a flat disk; a diesel 
injection nozzle that produced a broad spray was located at 
the periphery of the combustion chamber with its centerline 
diagonally across and downstream in the air swirl, and a 
spark plug was located downstream of the nozzle. The ap- 
proximate geometrical arrangement is shown in Fig. 2. 

Development of Air Swirl and Volumetric Efficiency - 
The installation of a shrouded valve in the conventional in- 
take port of the initial CFR engine setup served to induce 
air swirl but it seriously restricted the air intake to the en- 
gine. Studies of this problem resulted in two experimentally 
determinable characteristics that define the quality of a port 
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and valve with respect to induced air swirl and volumetric 
efficiency. These are: 

1. Swirl Efficiency: This is essentially the momentum 
of the swirling air divided by the momentum of the air flow- 
ing through the port and valve. It is determined by simple 
steady flow tests. 

2. Flow coefficient (4): This is comparable to an orifice 
coefficient. It is also determined by simple steady flow 
tests. 

Shortly after these concepts were established several port 
and valve designs were developed that had relatively favor- 
able values of swirl efficiency and flow coefficient. One 
of these, designated as MkII, is shown on Fig. 4. It was 
selected for general use and applies to all four stroke cycle 
engine data presented hereafter. 

Beyond establishing the swirl efficiency and flow coeffi- 
cient concepts and developing a reasonably good port and 
valve design, many additional questions arose, such as: size 
and location of the port and valve to yield a desired air swirl 
and volumetric efficiency; the required amount of air swirl; 
the influence of combustion chamber shape; and the effects 
of valve timing. These questions required answers from a 
substantial number of engine tests with variations in the en- 
gine design and construction. A brief summary of the prin- 
cipal results is presented by Fig. 4 in combination with the 
following discussion: 


1. Air swirl rate can be designated by n/N, the ratio of 
the air swirl rpm, n, to the engine rpm, N. n/N can be 
treated as a design and combustion constant independent of 
engine rpm. n/N, induced through the port and valve, is 
determined from the swirl efficiency and flow coefficient, 
the bore and stroke of the cylinder, the dimensions of the 
port and valve and the valve timing and lift data. 

2. "Gulp Factor" (4), defined as the ratio of the nominal 
velocity to the velocity of sound through the port and valve, 
is a useful index of relative volumetric efficiency charac- 
teristics. Gulp factor, ¢, is determined from bore and stroke, 
engine rpm, flow coefficient, port and valve dimensions 
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Fig. 4— Effects of intake porting and combustion chamber on 
volumetric efficiency and air swirl rate 
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and valve timing and lift data. N/@, the engine rpm at 
which a nominal sonic velocity through the port and valve 
is attained, is a valid index of the maximum speed at which 
useful volumetric efficiency will occur. 

3. The n/N value that exists at approximately the top 
center position of the piston relates to combustion perform- 
ance. With the flat disk combustion chamber this value of 
n/N is substantially equal to the induced air swirl, but if 
the combustion chamber is made more compact than the 
disk, conservation of momentum of the swirling air will 
cause the top center n/N to be greater than the induced air 
swirl. 

4. The Texaco process can operate on a variety of top 
center n/N values but because of correlation of full load 
combustion duration with heat losses, low values of n/N ad- 
versely affect thermodynamic efficiency. Satisfactory effi- 
ciency requires n/N values of 6 or greater. 

5. With the swirl port and valve design it was established 
that volumetric efficiency responds to cam timing almost 
exactly as any other poppet valve system. For example, 
late intake valve closing and large overlap tend to increase 
high speed volumetric efficiency but at the expense of low 
speed efficiency. Since these timing effects are an estab- 
lished part of engineering technology the practice has been 
to adopt as a standard the CFR knock test engine cam tim- 
ings*. This timing applies to all curves of Fig. 4 and to all 
other four-stroke-cycle engine data presented herein. 

As in current automotive practice, intake manifold branch 
length and diameter has been chosen to favor volumetric 
efficiency. Single pipes were used for the single cylinder 
engine data of Fig. 4, except for the CFR, and similar in- 
dividual passages are used on each cylinder of multicylinder 
engines, 

From the data of Fig. 4 and the foregoing summary of 
the related investigations, it appears that progress has been 
made to the point at which air swirl and volumetric effi- 
ciency are not really limiting to engine performance for a 
wide range of applications. Also, now that the techniques 
of this type of development have been established additional 
improvements can be expected; unshrouded valves in com- 
bination with the most compact combustion chamber appear 
particularly interesting both for improved volumetric effi- 
ciency at high speeds and for simple construction. 

Combustion Chamber Shape and Location of Injection 
and Ignition Sources - As mentioned in the previous para- 
graphs, combustion chambers having more compact shapes 
than the flat disk are favorable to air swirl and volumetric 
efficiency. They also are of advantage with respect tother- 
mal efficiency and to maximum speed for regular ignition. 
More compact combustion chambers that have been investi - 
gated quite fully are a hemispherical combustion chamber 


*Intake opens 15 deg btc, closes 50 deg abc; exhaust opens 
50 deg bbc, closes 15 deg atc. 
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Fig. 5 — Hemispherical combustion chamber engine 
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Fig. 6 — Cup combustion chamber engine 


(Fig. 5) and a cup combustion chamber (Fig. 6). The rela- 
tive advantages of these combustion chambers with respect 
to thermal efficiency and maximum speed are summarized 
below: 


1. Thermal Efficiency: Heat loss that occurs during com- 
bustion causes a reduction of thermal efficiency. The mag- 
nitude of this loss is related to the surface to volume ratio 
of the combustion chamber; the larger the surface to volume 
ratio the greater the heat loss. Comparative surface to vol- 
ume ratios, based on 10:1 compression ratio top center com- 
bustion chamber proportions with 3-1/2 in. bore and 3-3/4 
in. stroke are 6.05:1, 4.60:1 and 3. 44:1 for the flat disk, 
hemispherical and cup combustion chambers respectively. 

2. Maximum speed: The swirling air tends to deflect 
the fuel spray and disturb its relationship to the ignition 
source. It also tends to blow out a spark or cool a glow plug. 
These effects are proportional to the linear velocity of air 
flow at the injection and ignition sources and they become 
troublesome when the velocity gets to or above 300 fps. The 
more compact combustion chmabers make it convenient to 
install the injection and ignition sources at a smaller radius 
than the peripheral position employed with the disk chamber 
(Fig. 1). This results in their being exposed to lower linear 
air velocity even at higher air swirl rates and higher engine 
speeds. Also, the air swirl production and volumetric effi- 
ciency characteristics of compact chambers are such that 


124 


higher speed is feasible. 

Fig. 7 presenta a summary of the combined effects of 
compacting the combustion chamber on indicated mean ef- 
fective pressure at constant values of indicated specific fuel 
consumption over a speed range. (The schematic illustra- 
tions of the various combustion chamber types in Fig. 7 show 
an arbitrary orientation of the exhaust port for improved 
clarity.) The relative levels of indicated mean effective 
pressure and the speed ranges are in general accord with the 
foregoing discussion of the combustion chamber effects. In 
the case of the cup combustion chamber the maximum range 
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Fig. 7 — Effect of combustion chamber shape on TCP engine 
performance 


Fig. 8 — Typical fuel 
spray for TCP engine 
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for the data is 3600 rpm but this has been held for mechani- 
cal reasons not related to the combustion process and the 
incipient misfire point is known to be above 3600 rpm. 

’ Type, Relative Location and Timing of Fuel Spray and 
Ignition Sources - Detailed descriptions of the spray and ig- 
nition source locations are outside the scope of this paper 
but they may be inferred from the several drawings and 
photographs that are included, and they are spelled out in 
some detail by Reference 5. Generally speaking, the spray 
is directed downstream and across the swirling air such that 
all of the air can be impregnated with fuel, and the ignition 
source is positioned directly downstream in the air swirl from 
the spray but outside of the envelope of the spray. The spray 
and ignition sources should be located as closely adjacent 
as possible; the arrangement suggested by Fig. 1 being pref- 
erable to that of Fig. 2. Too close a position has not been 
obtained, because of limitations due to the physical size 
of the injection nozzle and the spark plug. 

Fig. 8 shows a stroboscopic photograph of a typical spray 
observed in normal atmosphere. The spray results from 
flow through a simple orifice with a short length to diameter 
ratio as illustrated by the enlarged nozzle valve section of 
Fig. 9. 

It has been found that the Texaco process can operate 
with virtually any positive source of ignition such as a glow 
plug or a spark plug. A glow plug is particularly intriguing 
since it would always be available when the first injected 
fuel reached it; however, no very satisfactory glow plugs 
have come to our attention. A spark plug, with the spark 
produced by more or less conventional coil and breaker sys- 


tems, has been used almost exclusively in the investigations. 
With spark ignition, timing is a consideration because a 

spark having adequate incendiary power must exist when the 
first fuel is at the spark gap. Fortunately, most spark igni- 
tion systems produce a spark which has a finite duration of 
incendiary power so that there is appreciable margin for 
error in making spark timing coincide with injection timing. 
Actuation of the ignition breaker by the lift of the fuel in- 
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Fig. 9— Nozzle assembly with ignition breaker 
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jection nozzle valve, as illustrated by Fig. 9, is a conven- 
ient way of assuring automatic coordination of fuel injection 
and spark timing. 

The spark plugs are regular automotive types excepting 
that the center electrode is slightly longer than usual and 
the ground electrode is U-shaped with both ends welded to 
the plug body. 

Fuel Injection and Spark Ignition Systems - Attention has 
been concentrated on gaining an understanding of TCP en- 
gine injection and ignition system requirements and of the 
system characteristics to satisfy these requirements rather 
than on the detailed development and refinement of any 
specific system. As they were needed for engine operations, 
systems have been assembled “breadboard” fashion from 
commercially available components plus a few homemade 
ones. These systems have been convenient enough to use 
and they have done a reasonably good job of satisfying en- 
gine requirements. This handling of the problem is justified 
on the basis that, in the long run, these systems will be sup- 
plied by specialist organizations who are well qualified to 
provide the required technical characteristics and with due 
regard for system reliability and manufacturing economy. 

In the assembly of Texaco process fuel injection systems, 
standard diesel injection components by American Bosch, 
Frederick Deckel (West Germany), Demco, Robert Bosch 
(West Germany), and Hartford Machine Screw Co. have 
been used. The Texaco process involves, among other things, 
operation over wider speed and fuel quantity ranges than the 
diesel engines for which the systems were developed origin- 
ally. It has been gratifying to observe that these compon- 
ents adapt fairly well to fulfill TCP"s wider requirements, 
not perfectly, but well enough to produce the engine per- 
formance results reported in this paper. The Appendix pre- 
sents a discussion of the principal injection system charac- 
teristics as they relate to several aspects of TCP engine per- 
formance, and points out that systems.engineered for TCP 
engine applications can yield significant improvement in 
TCP engine performance over that presented in this paper, 
particularly at the extremes of operating conditions. 

Ignition systems also have been assembled using com- 
mercially available components by Champion, Delco, Mal- 
lory, and others, often in combination with homemade parts. 
As compared to a typical gasoline engine of the same com- 
pression ratio, a Texaco process engine exhibits a somewhat 
lower maximum breakdown voltage (because of the fuel) 
spray), and requires a somewhat higher secondary current. 
The spark timing must be coordinated with fuel injection; 
however, TCP does not require any greater precision of tim- 
ing and can possibly tolerate less. Spark plug selection need 
not consider preignition or fouling by lead deposits since pre- 
ignition is eliminated and, even if leaded fuel is used, lead 
deposits do not appear in the combustion chamber or on the 
spark plugs. Although conventional distributor ignition sys- 
tems have been used extensively, the automatic coordina- 
tion of timing that results when the beginning of injection 
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Fig. 10 — Indicated performance of TCP engine with a cup com- 
bustion chamber 


is used to actuate the ignition (Fig. 9) is so convenient that 
it rates first consideration. The concept of injection actuat- 
ed ignition is not limited to the nozzle valve operated 
breaker system illustrated in Fig. ¥Y as there are a variety 
of other sites in the fuel injection system from which an ap- 
propriate ignition actuation signal can be obtained. It ap- 
pears that ignition system suppliers will have little difficulty 
in providing systems engineered for TCP engines. 


Performance Results with Several Four Stroke 
Cycle TCP Engines 


Studies have been made on a substantial number of four- 
stroke-cycle engines at 10:1 compression ratio with bores 
ranging from 3-1/4 to 5-3/4 in. and strokes from 3-3/4 to 
6 in. A brief review of three cases will serve to illustrate 
many TCP engine performance characteristics. 

Cup Combustion Chamber - Fig. 10 illustrates the ar- 
rangement of a 49.7 cu in. displacement (3-3/4 in. bore 
by 4-1/2 in. stroke) cup combustion chamber single cylinder 
engine for the Texaco Combustion Process and shows typical 
performance characteristics. The upper curves of the figure 
show indicated performance data obtained at several differ- 
ent engine speeds. The lower curve shows data for both diesel 
and jet fuel at 3000 rpm. 

In many respects this is the most interesting of the four 
cycle TCP engine developments. With cylinder dimensions, 
valve timing and other details adjusted to the intended use, 
the existing performance is in the range of suitability for a 
variety of applications such as taxicabs, tractors, delivery 
trucks, pumping units and motor boats in all of which the 
Texaco process characteristics would have considerable value 
to the user. In addition there is room for appreciable growth 
in pe formance both from engineering development of the 
port, valve and combustion chamber, along the lines men- 
tioned earlier, and from engineering the injection system 
(Appendix) to better adapt it to Texaco engines. It is thought 
that the growth potential is sufficient to yield performance 
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suitable for many automotive applications. 

TCP Engine Installed in Automobile - The principai en- 
gineering development of the Texaco process has been ac- 
complished on single cylinder engines but with several checks 
to determine how the results applied to multiple cylinder 
engines and to see how they worked out under service type 
conditions. One of the first such projects was the construction 
of a six cylinder engine for installation and test in a 1950 
Canadian Plymouth car. A six cylinder L-head gasoline*en- 
gine that fits into the vehicle was obtained and modified 
for Texaco process operation. Modification involved provid- 
ing a fuel pump drive, a new cylinder head and, of course, 
a conversion to overhead valves. The original gasoline en- 
gine for the vehicle had been 218 cu in. displacement and 
the engine for the Texaco process was made at 3-1/4 in. 
bore by 4-1/2 in. stroke for a nearly equal displacement of 
224 cu in. A disk combustion chamber and a MkII port and 
valve producing a swirl rate of slightly less than 6 were used 
in the Texaco process engine (Fig. 7). 


Fig. 11 shows comparative chassis dynamometer car per- 
formance tests for the car with its original gasoline engine 
and with the TCP engine. The original target had been for 
the full throttle rear wheel traction to be about the same 
with no change except the engines. As the figure shows, this 
target was fulfilled well enough that acceleration and hill 
climbing capability of the vehicle is substantially the same 
with either engine, except at the extremes of speed, so that 
the comparison is primarily in terms of fuel economy, fuel 
quality requirement and other secondary performance char- 
acteristics. 


The vehicle with the TCP engine was used for extensive 
dynamometer and road tests and for both cross-country and 
local trips. Several 2000-5000 mile cross-country trips have 
been made by one man who purchased fuel supplies en route; 
gasoline, kerosine, and diesel fuel were purchased and used 
in indiscriminate mixtures as available from service stations. 
Tank mileage® for the vehicle with the Texaco engine works 
out to be just about equal to the level road miles per gallon 
of the prevailing driving speed, as shown by Fig. 11, for 
ctoss-country driving. In local driving values of 30-35 mpg 
have been observed where 10 to 15 is more typical for a 
comparable gasoline engine. 


After some 20,000 miles the engine was inspected. All 
bearings, shafts, and pistons, were in excellent condition. 
Application of the Texaco process at 10:1 compression ratio 
to a 7:1 compression ratio gasoline engine structure evidently 
was satisfactory. The vehicle with the Texaco engine in- 
stalled is still used occasionally, but it is essentially obsolete. 


*Trip miles divided by total gallons of fuel used. 


*Waukesha Motor Co. ‘s 180-DLC diesel engine. 
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Four- Cylinder Hemispherical Combustion Chamber En- 


gine - A TCP conversion has been made to a 144 cu in. dis- 
placement 4-cylinder engine of 3-1/2 in. bore by 3-3/4 in. 
stroke”. The Texaco hemispherical combustion chamber 
design including the MkII port and valve, a Roosa- Master 
fuel injection pump, and a nozzle valve actuated ignition 
system were used. Five of these assemblies, designated as 
Model 144-HCC, have been constructed for experimentation 
in our own and other laboratories. 

The construction of these engines is illustrated by the 
outline drawing (Fig. 5) and by the photographs (Figs. 12-13). 

Performance characteristics of this conversion are illus- 
trated by Figs. 14-18. In all cases the engine was equipped 
with an air filter and all accessories except for a fan and 
muffler. The results shown are observed data uncorrected 
for ambient conditions which were in the range of 29. 50- 
30.00 in. barometer and 75-85 F atmospheric temperature. 

Fig. 14 shows brake specific fuel consumption versus 
brake horsepower at several engine speeds. 

Fig. 15 shows the variation of several performance char- 
acteristics with engine speed. 
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Fig. 12 — Model 144 — HCC engine 
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Fig. 13 — Cylinder head for Model 144 — HCC engine 
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Fig. 14 — Brake performance of 144 — HCC engine 


Fig. 16 shows a “performance map,” that is, lines of 
constant specific fuel consumption on the coordinates bmep 


and engine speed. 


In the foregoing data the full load values are determined 
by a “smoke limit” that occurs at 95-100% of stoichiometric 
mixture strength regardless of the fuel. These TCP smoke 
limit settings are for a smoke intensity that makes the ex- 
haust somewhat more noticeable than the exhaust of a gas- 
oline engine but not as visible as that of many diesels. Fig. 
15 shows that friction of this engine is high and that there 
is some performance penalty from this source. This high 
friction relates to the basic engine construction, it is not 
a characteristic of the Texaco process. 


Multifuel capability is illustrated by Fig. 17 which shows 
performance on three fuels: gasoline, jet fuel and diesel 
fuel. For better clarity curves were not drawn through the 
points on the figure. Large changes of density and viscosity, 
between diesel fuel and gasoline cause the injection pump 
to deliver less gasoline than diesel fuel and the maximum 


127 


TYPICAL OF OPERATION WITH GASOLINE , DIESEL OR JET FUEL 


a 

a: 140 50 
= 

om _-120 

oY 

a l00F 40 
WWJ 

= 


FMEP-PSI. & BRAKE HORSEPOWER 


30 
ca 
; -60 
a. 
50 
cake 4 20 
53 
aw 40 
re 
0 .30 ite) 
a 600 1200 1800 2400 3000 


ENGINE SPEED- RPM 
Fig. 15 — Full load performance of 144 — HCC engine 
TYPICAL OF OPERATION WITH GASOLINE, DIESEL OR JET FUEL 


120-23 “po 
\ FULL LOAD i 


ro) 
fo) 


@ 
(o) 


o 
(e) 


pS 
(e) 


BRAKE MEAN EFFECTIVE PRESS. PSI 


1200 1800 2400 3000 
ENGINE SPEED= RPM 


DO 
(2) 
(o) 


Fig. 16 — Performance map for 144 — HCC engine 


quantity control on the injection pump is adjusted to com- 
pensate. 


A variety of indicator diagrams have been taken with a 
balanced pressure indicator at speeds of 700 through 3000 
rpm, at several loads and with gasoline, jet and diesel fuel. 
Typical diagrams for full load, 1800 rpm operation on the 
three fuels are shown by Fig. 18 on crank angle versus pres- 
sure coordinates. From the entire set of diagrams it appears 
that full load maximum pressures fall in the range, 670-750 
psia with maximum rates of pressure rise in the range 35-40 
psi per crank angle deg. There are no significant changes 
with fuel. 

Accurate estimates of the performance characteristics 
that a Model 144-HCC engine would produce in many appli- 
cations can be made based on the preceding dynamometer 
tests. Two cases of some interest are: 

1. Farm Tractor: Diesel and gasoline versions of the same 
engine that was converted to make the Model 144-HCC are 
used in a commercial farm tractor. Comparative belt per- 
formance data are shown in Fig. 19. The diesel and gasoline 
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values are directly from Nebraska Tractor Test reports and 
the TCP values are estimated on a comparable basis. 

2. Jeep: The Model 144-HCC has about the same displace - 
ment as a Jeep engine and it could be installed in a Jeep 
vehicle. Fig. 20 shows a vehicle performance comparison 
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of the Model 144- HCC with the L- ard F-head Jeep gasoline 
engines. The gasoline engine data are direct chassis dyna- 
mometer test results and the Model 144- HCC is calculated 
ftom the engine performance and the vehicle characteristics. 
To equalize rear wheel traction an axle ratio change was 
assumed with the Model 144-HCC. The increase in vehicle 
miles per gallon would be very large. 

These engines have been developed only for laboratory 
test purposes to illustrate the characteristics of the Texaco 
Combustion Process and the potential value of burning lean 
mixtures of broad boiling range fuels having no octane or 
cetane number requirements. It appears that they are suit- 
able for this purpose. 


The Texaco Combustion Process in a Two 
Stroke Cycle Engine 


Several two-stroke-cycle engine applications have been 
investigated. The most interesting of these was based on an 
opposed piston engine of 3-3/4 x (3-3/4 x 3-3/4) in. bore 
and stroke with 10:1 compression ratio. The general con- 
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figuration is illustrated by Fig. 21. It turned out that a suc- 
cessful application hinged on developing an intake port de- 
sign that would produce a predictable air swirl rate and a 
good scavenging efficiency. 

Flow tests of models correlated with engine tests, in a 
study extending over several years and involving many mod- 
els and engine port designs, eventually led to a reasonably 
good understanding of the two-cycle port design problem and 
to a construction having adequate swirl and scavenging char- 
acteristics. Thereafter, development of good Texaco proc- 
ess Operation was an essentially routine application of the 
principles previously outlined, and performance of the type 
illustrated by Fig. 21 resulted. It will be noted from the fig- 
ure that the pressure drops associated with air flow through 
the engine are unusually low. This in combination with the 
excellent imep versus isfc performance makes the two-stroke- 
cycle design a most interesting one to consider for a high 
performance engine. 


For small cylinder displacements, in the range of 35-70 
cu in. per cylinder, the opposed piston configuration tends 
to have relatively large envelope dimensions. In this dis- 
placement range a uniflow scavenged design with ported in- 
take and poppet exhaust tends to be more compact. The air 
swirl and scavenging design principles worked out in the op- 
posed piston development and the Texaco Combustion Proc- 
ess principles will be directly applicable to this more com- 
pact contiguration. This type of TCP engine would be par- 
ticularly attractive for a wide range of industrial, marine, 
and automotive uses. 


Some Other Characteristics of TCP Engine 


Cumulative experience with the Texaco Combustion Proc- 
ess automatically included observation of a variety of sec- 
ondary factors which have an important bearing on the use- 
fulness of the process. 

Flexibility - Response to "throttle" changes is immediate 
and without misfire or backfire or the hesitation sometimes 
associated with carburetors. 

Cold Starting and Warmup - Cold starting characteristics 
are excellent; prolonged cranking, air heaters, priming flu- 
ids or other starting aids are not required, even at very low 
temperatures. The primary requirement is for a cranking 
speed nigh enough to produce a reasonable injection and this 
depends on the injection system and application in question 
(Appendix). No attempt has been made either to improve 
starting characteristics or determine the minimum starting 
temperatures; however, several engines have been started 
in the range of -40 to -50 F. For example, the Model 144- 
HCC engine has been started in less than 10 sec at -50 F; a 
warm battery and some crankcase dilution is needed at this 
temperature to develop the required cranking speed, about 
20U rpm. 

Warmup after starting appears not to be acombustion con- 


129 


sideration; the engine operation is smooth and regular and, 
except for initial high triction due to cold lubricating oil, 
full power can be developed immediately. 

Lubrication and Deposits - Although controlled endurance 
tests have not been conducted, individual engines have been 
Operated several hundred hours without overhaul or modi- 
fication except tor injection and ignition equipment main- 
tenance. Using commercial grade lubricants there has been 
no evidence of severe or unusual lubrication requirements 
or of unusual deposits or wear. Combustion chamber deposits 
always have been very light. 

Exhaust Gas Conditions - A detailed quantitative com- 
parison of TCP with gasoline and diesel exhaust composition 
has been beyond the scope of the work to date. Nevertheless, 
tairly extensive observations have been mace and, as would 
be expected with lean mixture operation and positive igm-. 
tion, the concentration of incomplete combustion products 
is low. nus, under normal load conditions hydrocarbon con- 
tent of the exhaust is in the range of 200-400 ppm (mass 
spectrometer analysis) and CO concentration is nil, while 
for deceleration no tue! is injected. Idle exhaust odor simi- 
lar to that encountered with diesel engines may or may not 
be apparent with TCP engines depending on injection system 
characteristics (Appendix). In a balanced consideration of 
all factors the TCP exhaust condition appears favorable. 


Conclusions 

The development of efficient and serviceable engines 
that can make the desirable characteristics of the Texaco 
Combustion Process available tor general use appears to in- 
volve three major phases: 


1. Development of a sufficiently precise understanding 
of the combustion process per se to insure that it can be han- 
dled in a predictable engineering manner. 


2. Engineering research to establish and verify the factors 
influencing the efficiency and performance of a TCP engine 
and to develop both design principles and usable construction 
details for the related engine components and accessories. 


3. Development of TCP engines for specific applications 
with due regard to the detail refinement, durability, and 
cost of the engine and its accessories in relation to its value 
to users for various services. 


It is considered that the developments outlined in this 
paper represent satistactory accomplishment on the first two 
uf these three phases and that a solid engineering basis has 
been established tor the development of engines tor specific 
applications. At present levels of performance TCP engines 
should be attractive for a variety of uses in which efficiency 
and economy are most important considerations. With some 
predictable additional developments, TCP engines should 
be of value in a wider range of automotive applications. 
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Appendix | 


Selection of a fuel injection system for a Texaco process 
engine involves many of the same considerations as for a 
diesel engine and the theory and practice of applying tnese 
systems is well known. Accordingly, only a few of the char- 
acteristics as they relate to selection tor TCP and to engi- 
neering systems more specifically for TCP requirements, a 
procedure that would yield superior TCP performance, will 
be discussed: 

System Size - Size is selected so that the amount of fuel 
required for full load will be discharged from the nozzle in 
the desired number of crank angle degrees. For TCP the de- 
sired crank angle degrees are related to n/N and can be es- 
0.8 x 360 

n/N 
the fact that the spray from a simple orifice propagates 
somewhat faster than the air swirls so that the air charge can 
be impregnated with fuel in about 80% of a complete swirl. 
The pump displacement characteristics and the discharge 
characteristics of the nozzle orifice are then the primary 


timated as , in which the 0.8 factor results from 


factors in system size with second order effects relating to 
the compressibility and length of the system between the 
pump plunger and the nozzle orifice. Final selection in- 
volves systematic variation of the system characteristics 
over a small range to adjust or verify the calculated sizing. 
Our use of the simple nozzle orifice plate sealed by a flat 
seat check valve illustrated in Fig. 9 had its origin in the 
ease with which orifice sizes could be varied for such ex- 
perimentation. The design is admirable for this purpose but 
the exact detail of it could not be recommended for long 
time service. 

Effects of Speed - It is inherent in the hydraulic charac- 
teristics of fuel injection systems that the duration of injec- 
tion increases with increasing engine rpm and that the be- 
ginning of injection tends.to retard; both of these character- 
istics relate to the compressibility and length respectively 
of the system between the pump plunger and the nozzle 
orifice. 

The change of injection duration with speed means that 
optimum impregnation of air with fuel occurs at only one 
speed, at lower speed not all of the air is impregnated and 
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at higher speed some of the fuel is injected into vitiated air. 
Theoretical analysis and experimentation verify that a major 
portion of the high and low speed droop of TCP engine mep 
versus rpm curves, for example, the curves for the cup and 
hemisphere on Fig. 7, can be attributed to this injection 
system characteristic. Analgous effects of changing injection 
duration occur in diesel engines but because of the lesser 
speed range of typical diesel engines the rewards, in im- 
proved high speed performance, for minimizing the change 
of injection duration with speed are not so apparent. Im- 
provements of this characteristic can be attained by reduc- 
tions of system volume, and by the use of variable orifice 
area nozzles. 

Against an injection system's natural tendency to retard 
the time for beginning of injection with increasing speed, 
the Texaco process prefers advance of timing with increas- 
ing speed, this preference being analogous to the gasoline 
engine's preference for a more advanced spark timing at 
higher speed. Various fuel injection pump accesories are 
available to adjust injection timing with speed and these 
have been used for TCP. These devices have been designed 
to provide a slight advance for diesels up to their character- 
istic speeds of 2400-2700 rpm. As applied to TCP engines 
with maximum speeds of 3000-3600 rpm some of them bare- 
ly offset the inherenr retard and produce little if any of the 
desired advance. Redesign to accomplish a greater advance 
for this wider speed range is relatively straightforward and 
will be of advantage to high speed TCP performance. 


Maximum and Minimum Injection Quantities - Ideally, 
a fuel injection system should be able to inject regularly 
any amount of fuel from the maximum quantity to nothing 
and maintain a well-formed spray over this range of quan- 
tities at any speed from maximum to zero. Actual systems 
do very well but they are not ideal in that they exhibit min- 
imum quantities and speeds at which they will inject regu- 
larly and produce a well-formed spray. The maximum quan- 
tity that can be injected is also a function of speed and 
often falls off severely at cranking speeds. These character- 
istics relate to the pump leakage path, the method of pump 
quantity control and the maximum quantity setting, the 
compressivility of the system, the fuel being used, and other 
factors. The effects on engine operation are primarily on 
starting and idling and operation at extreme light loads. 
Similar cuases and effects exist for diesel engines but again 
the rewards for system improvements are greater for TCP. 

1. Cold Starting. Texaco process engines start readily 
even at very low temperatures, when a cranking speed is 
reached that provides regular injection of a sufficiently large 
quantity of fuel to support operation. This speed may range 
from 60 to 250 rpm depending on the application. In con- 
trast, a diesel engine usually requires fairly elaborate start- 
ing aids to initiate combustion below 0 F so that the incen- 
tives to develop regular injection at low rpm have not been 
very great for diesel injection systems. 
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2. Idle and Light Load. Texaco process engines of 35-40 
cu in. displacement per cylinder idle on about 4-5 cu mm 
per injection compared with approximately 8-10 cu mm 
for typical diesel engines. The available injection systems 
usually fail to provide completely regular sprays below the 
6-8 cu mm level. Consequently, the systems are marginal 
tor T'CP engines of this displacement although they are ade- 
quate for most diesel engines. Texaco process engines may 
or may not idle regularly and without odor depending on 
whether or not the injection system is producing a well-de- 
veloped spray. In case it is not the idle will be rather irreg- 
ular and an odor resembling that of a diesel on idle will oc- 
cur because the spark fails to ignite the fuel. The odor pro- 
duced by a diesel engine idling is basically related to the 
spontaneous ignition process at the low temperature condi- 
tions of idle rather than to the injection system. Thus, there 
is an incentive to engineer the injection system for small 
injection quantities to obtain a superior result made possible 
by the Texaco process. 


In the foregoing discussion the basis for selecting a suit- 
able fuel injection system has been outlined. Incidental to 
this, attention has been given to certain deficiencies of ex- 
isting systems insofar as they apply to TCP engines, as con- 
trasted to the diesel engines for which the systems were de- 
veloped. Several suggestions are made for re-engineering 
the systems to better adapt them to the Texaco process, It 
should be clearly understood, however, that the purpose of 
this re-engineering would be to yield improvements over 
the Texaco process results presented by this paper. 
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Discussion 


Performance of the TCP Engine 


J. K. Jensen 
John Deere Tractor 


Research & Engineering Center 
PERFORMANCE of a Texaco Combustion Process engine ob- 
tained during a development program in our laboratory in 
cooperation with the Texaco Research Center is shown in 
Fig. A. Our work with TCP included manufacture and opera- 
tion of two cylinder engines of 5-3/4 x 6 in., 5-1/2 x 6-3/4 
in., and 5-1/2 x 6-3/8 in. dimensions operating at rated 
speeds of 1000-1150 rpm. All work was done with the flat 
disc combustion chamber and the Mark II intake port re- 
ferred to by the Texaco authors. The data chosen for pre- 
sentation in the curve is for the 5-1/2 x 6-3/8 in. size at 
1125 rpm since Nebraska Tractor Test data is available for 
the gasoline version of this engine. This curve agrees with 
the general performance levels for the flat disc chamber 
shown by the authors. It is experimental evidence that their 
calculated comparison of gasoline and TCP tractor perform- 
ance in Fig. 19 is substantially correct. 

Earlier publications on the Texaco Process emphasized 
the multifuel aspects of the combustion system. I am pleased 
to note that in the current paper the process hasbeen allowed 
to stand on its own merits in competition with Otto and Diesel 
cycles. The multifuel capability was convincingly demon- 
strated on the engines we built and ‘stands unquestioned. 
However, the economic worth of this feature to a farmer is 
doubtful. Inquiry was made of two major oil companies to 
determine the possibility of refining and distributing a fuel 
acceptable for TCP engines but cheaper than No. 2 diesel 
fuel. The most optimistic estimate was a 1¢/gal f.o.b. re- 
finery price advantage to the special TCP fuel. After taxes, 
transportation, and ordinary distribution costs are added, the 
percentage price advantage showed little promise of being 
sufficient to justify the problems of distribution of a special 
fuel. 

From the standpoint of a typical engine builder, the Tex- 
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aco Combustion Process offers the operating advantages 
claimed for it by the authors and presents few unusual prob- 
lems associated with the main engine structure. The prin- 
cipal difficulties seem to lie with the accessories, injection 
and ignition equipment, which are customarily constructed 
for the engine builder by a specialist manufacturer of this 
equipment. For example, our laboratory work demonstrated 
that it was possible to build an ignition system which gave 
acceptable, if not entirely satisfactory, operation. How- 
ever, this system was constructed by the engine experimenter 
and not by an ignition equipment supplier. Efforts in our 
laboratory by three ignition equipment manufacturers failed 
to produce a satisfactory system. The time spent by any of 
the three was not great and none was even close to admitting 
defeat. However, their work progressed far enough to indi- 
cate that the ignition requirements of TCP as we then under- 
stood them were unusual and that more than a slight warm- 
ing over of production automotive systems would be required. 

Cost penalities associated with TCP lie primarily in the 
accessory equipment. The incentive to overcome these dif- 
ficulties could come from the engine builders since acces- 
sory manufacturers would respond to serious requests from 
their OEM customers for this equipment. The likelihood that 
such a request will be made is reduced by the uncertainty 
of success in providing accessory equipment at a cost which 
would make a TCP engine competitive. It would be unfor- 
tunate if this impasse were to prevent utilization of a com- 
bustion system having many advantages. 


Possible Application of TCP Method — 
Military Use 


Errol J. Gay 

Consultant 

THIS DISCUSSION will not attempt a technical comment 

of the paper, but will confine its comment to possible use 
of the process. 

In May, 1960, this discussor presented a paper at the De- 
troit meeting of the API, Division of Refining. The title of 
the paper was, "The Military Mission of the Multi-Fuel En- 
gine, and Its Fuel Requirements.” The Army needs best pos- 
sible fuel economy to lighten its logistics load and to obtain 
maximum operating range for its vehicles, The Army engines 
should be able to burn gasoline or mixtures of gasoline and 
distillates. This is important, since in a war emergency the 
distillates demand for essential civilian needs, Air Force, 
and Navy may add up to more than can be produced by the 
petroleum industry. 

It is also most essential that the Army be able to procure 
engines for most of its wheeled vehicles from existing in- 
dustry tooling. The Texaco Combustion Process engine might 
prove useful in meeting these above noted requirements. This 
might be especially useful in the class of engines that now 
power the 1/4 ton, 3/4 ton, and 1-1/2 ton vehicles. 
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The TCP, a Descendant of the Diesel and 
Spark Ignited Engines 


A. E. Cleveland 
Ford Motor Co. 


IT IS PROBABLY more than coincidental that the combustion 
system described by Messrs. Davis, Barber, and Mitchell 
combines most of the good features and some of the bad fea- 
tures of spark ignited and diesel engines. Current develop- 
ment trend has produced diesels with increasingly lower rates 


of pressure rise and less cetane sensitivity and spark-ignited 
engines with increasingly high compression ratios and higher 
rates of pressure rise together with combustion problems no 
longer sensitive to octane improvement. Table A shows how 
much of the combined engine is represented by this Texaco 
Combustion Process. 

From the table, one might conclude that the result of 
this marriage has produced in the TCP engine an off-spring 
more resembling its compression ignition parent than its 
spark ignition parent, resembling the latter only in its re- 
quirement for some sort of spark or glow plug ignition and 
its resultant more moderate rate of pressure rise. It partakes 
diesel engine economy characteristic at part throttle in its 
ability to burn fuel in an excess of air and to eliminate the 
necessity of air throttling and consequent pumping losses at 
part load. It also has the most undesirable characteristic of 
its diesel ancestry, that of being combustion or smoke lim- 
ited at full power. This results in practical limitation of 
speed and power output fer engine size and weight. How 
serious these limitations may be are determined by the skill 


Table A - Combined Features of the Compression Ignited 
and the Spark Ignited Engine, which are 
Present in the TCP Engine 


Compression Ignited Spark Ignited* 


Fuel/air ratio limited near 
chemically correct 


Fuel burned in excess air* 


Smoke limited full power* Air limited full power 


Unthrottled air* Throttled air 


Fuel injector required* Fuel injector & carburetor, 


optional 


Rate of pressure rise, 
100 psi/deg 


Rate of pressure rise, 
40 psi/deg* 


*Features of TCP engine 
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of the designer of combustion chambers and injector nozzles. 
That the authors and their associates have made considerable 
progress along these lines especially with cup type combus- 
tion chamber is evidenced from the results shown in Fig. 7. 
However, this is still about 20 imep short of a comparable 
modern spark ignition engine performance curve. this com- 
pares, however, very well with diesel performance curves. 


The fuel injection requirement, although a familiar prob- 
lem to diesel investigators, is a matter of some concern to 
those whose acquaintance is largely with the high volume 
cost conscious spark ignited engine. The carburetor is never 
so much appreciated as when replaced with a fuel injector 
which a cost-conscious management has prescribed some- 
where within the cost limitations of a carburetor. A carbu- 
retor does quite naturally (for free) many things which a fuel 
injector must be paid and educated to do. However, these 
are all fundamental challenges to the skill of the develop- 
ment engineer. That the end result justifies the effort seems 
quite evident from the curves. Figs. 14-16. It is, perhaps, 
of interest to note in conclusion that this part throttle econ- 
omy characteristic also partakes of its diesel ancestry and 
appears fundamentally the same as similar diesels checked 
in the same laboratory. 


Installation of TCP Engine in an Automobile 


Peter Ashurkoff 
General Motors Engineering Staff 


SEVERAL features of the Texaco Combustion Process have a 
special appeal for the automotive engineer. The most in- 
triguing of these are the ability to burn lean mixtures effi- 
ciently and to operate on a wide range of fuels without re- 
gard for cetane or octane quality. 

In their paper, the authors point out that the proper co- 
ordination of air swirl, fuel injection and positive ignition 
is the key to effective operation of the Texaco Combustion 
Process. The authors have done extensive research and de- 
velopment on the system and have obtained experimental 
results which verify the theoretical concepts of the process 
for which they should be congratulated. They suggest that 
sufficient engineering knowledge of the process has been de- 
veloped and that the presently obtainable performance is 
attractive enough to warrant development of engines for spe- 
cific applications. 

The authors cite several examples where application of 
the Texaco Combustion Process would be advantageous. Two 
of the suggested applications concern low performance ve- 
hicles: a farm tractor and a jeep. A third application dis- 
cussed in the paper is the installation of a TCP engine in an 
automobile. It is this application to which most of the fol- 
lowing discussion is directed. 
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To demonstrate the fuel economy advantage of the TCP 
engine, a comparison is made of chassis dynamometer tests 
of a 1950 Canadian Plymouth with its original gasoline and 
with a TCP engine. For a valid economy comparison, equal 
acceleration performance is required since performance and 
economy are directly related. Generally, for a particular 
engine, a suitable compromise must be made between per- 
formance and fuel economy. The economy of any car can 
be improved if performance is sacrificed. 

The authors state that a satisfactory match in perform- 
ance was obtained, except at the extremes of speed. How- 
ever, in Fig. 11, the TCP engine shows a loss in power of 
approximately 17% at 60 mph. This loss would presumably 
be higher at higher engine speeds. This might be tolerable 
if these engine speeds occurred only for car speeds above 60 
mph. However, during an acceleration, engine operation 
at these higher speeds must be considered at relatively low 
car speeds, and presumably would reduce the car accelera- 
tion performance appreciably. Furthermore, it is known that 
fuel economy and performance are favorably affected by an 
increase in compression ratio. The TCP engine had a com- 


pression ratio of 10 whereas the compression ratio of the orig- 
inal Plymouth engine was only 7. Consideration of these fac- 
tors would indicate that the higher fuel economy of the TCP 
engine installed in this car cannot all be attributed to the 
Texaco Combustion Process. 


Recently, at General Motors Engineering Staff, we had 
an opportunity to test a Model 144 HCC Engine modified by 
the Texaco Research Center to operate on the Texaco Com- 
bustion Process. We were interested in comparing the results 
of this combustion with those of a conventional throttled gas- 
oline engine. We wanted to make this comparison on the 
same engine with only minor modifications in order to elim- 
inate as many uncontrolled variables as possible. 


The performance results which we obtained with this en- 
gine operating on the Texaco process agree substantially with 
the results reported in this paper except at the high speeds. 
At the higher speeds and loads, we obtained somewhat high- 
er fuel consumption values. We also found that the engine 
was very sensitive to small changes in ignition and injection 
characteristics. This was particularly evident when operating 
on diesel fuel, since any irregularity in ignition or injection 
resulted in audible knock. The complexity of the system 
used to time and coordinate injection and ignition made it 
difficult to pin point the trouble when engine performance 
deteriorated. Of course, difficulties of this nature are to be 
expected in working with any experimental setup. It is in- 
teresting to note, however, that proper operation of the Tex- 
aco Combustion Process, at this stage of its development, 
requires optimum operation of the component parts. 

To operate this engine as a conventional spark ignition 
engine, the following modifications were made: 

1. The shrouded intake valves were replaced with stand- 
ard valves. 


134 


2400 RPM 


0.8 —— ICP ENGINE 
Fi ---- TCP ENGINE— 
BSFC be MODIFIED 
. id A/F, 
445 == at es 
0.4 23.5 
1.0 12 CONVENTIONAL 
00 RPM ENGINE 
\ AS INSTALLED 
0.8 PERFORMANCE 
BSFC 
0.6 
i Ny . 4 
0.4 


4 
52 395 265 


ns a a a oo 
te) 20 40 60 80 100 120 140 
BMEP 


Fig. B— Brake specific fuel consumption versus brake mean 
effective pressure at 1200 and 2400 rpm 


2. The fuel injection timing was changed so that injec- 
tion occurred early on the intake stroke. 

3. The injection actuated ignition system was replaced 
with a conventional distributor system. 

This modified engine was then retested on the dynamom- 
eter for part load fuel economy. Fig. B shows curves of brake 
specific fuel consumption versus brake mean effective pres- 
sure at 1200 and 2400 rpm for the two combustion systems. 
Measured A/F values are indicated on the Texaco Combus- 
tion curves. The curves shown for the conventional spark 
ignition system do not extend to full throttle but only out 


to a manifold vacuum of 4 in. of Hg. because preignition 
was anticipated at high loads. Maximum bmep for a con- 
ventional engine at this compression ratio would be about 
120 psi. This comparison indicates that the effectiveness of 


the Texaco Combustion Process deteriorates in this engine 
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Fig. C—Brake specific fuel consumption versus brake mean 
effective pressure at 1200 and 2400 rpm, replotted on indicated 
basis 


at high loads. 
' These same results are replotted on an indicated basis in 
Fig. C. The curves obtained for the conventional spark ig- 
nition system are essentially flat in accordance with theory, 
whereas the curves obtained for the Texaco process increase 
with load. These curves cross at progressively lower imep 
values and higher A/F ratios as the speed increases. We con- 
clude from these data that maximum utilization of the air 
and fuel does not occur at the higher loads and speeds. 
The TCP engine demonstrates good part load economy 
in comparison with a conventional spark ignition engine but 
is unable to match the high performance requirements of a 
passenger car engine. Actually, the Texaco Combustion 
Process is very similar to the diesel engine in this regard. 
It appears that the principal advantage of the TCP engine 
will be in applications where its ability to burn a wide range 
of fuels is of paramount importance. 


Crank-Piston Gas-Generator 


L. H. Tengner 
Aktiebolaget Gotaverken 
Goteborg, Sweden 


AMONG THE various kinds of prime movers known today, the 
turbine is the one best suited for automotive propulsion. Its 
torque- speed relation combines good efficiency at high speeds 
with the possibility of obtaining high torques at low speeds 
and start. With suitable design of the blading it is possible 
to obtain ratios between stalling and full-speed terques of 
5/1 and above, and yet keep the overall efficiency at very 
good values in the upper speed range. 

Among the existing methods of transforming the energy 
of fuel oil into mechanical work, there exists none more ef- 
ficient than combusting the fuel within an engine cylinder 
where pressures of some 1000 psi and temperatures of sev- 
eral 1000 F may be allowed without harming the combus- 
tion chamber walls, 

For automotive work it has been a natural solution of the 
propulsion problem to combine these desirable features into 
one engine. Thus, the special variety of compound piston- 
and-turbine engines called gas generator has been develop- 
ed. Prof, London (1)* has made a good classification of the 
compound piston-and-turbine engines. Fig. 1 is a diagram 
of the subfamily of piston-type gas-generator engines, sim- 
ilar to his classification, 

In the diagram Prof. London's denominations "free-pis- 
ton" and “crank-piston” engines are used for the gas-gener- 
ator part of the compound engines, In the free-piston en- 
gines the movement of the pistons is not restricted by me- 
chanical means; in the crank- piston types the pistons are 
connected by rods to one or several crankshafts, fixing their 
stroke and end positions, Prof, London advocates the free- 
piston line and much has been published about the develop- 


*Numbers in parentheses designate References at end of 
paper. 
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Locomotives 


ment work done in this field by Sigma, General Motors, 
Ford, and others, Less has been told about the crank- piston 
gas-generator development. Such development, however, 
has been performed. For many years Aktiebolaget Gotaver- 
ken has been experimenting with gas generators of this type 
and several installations have been made. Around 1950 the 
Orion designers started work on the crank-piston line. As 
may be seen from Fig. 1, the Gotaverken gas generators use 
piston-type compressors as do the free-piston engines, where- 
as the Orion engine uses two centrifugal compressors, 


Review of Development 


Aktiebolaget Gotaverken was founded in 1841 as an en- 
gineering works, Later, shipbuilding became the main in- 
terest. However, engineering activity has always been main- 
tained and the company produces diesel engines, turbines, 
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GOTAVERKEN 
CRANK-PISTON 


Fig. 1 — Gas-generator engines 
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and boilers. 

The company was studying gas-generator designs as early 
as 1923. The basic principles and early patents were de- 
veloped by Erik Johansson (2), who supervised the gas-gen- 
erator work at Gotaverken until 1959. His calculations for 
a locomotive engine were first tested in an experimental 
unit built in 1926 andin three ship installations of 300, 1000, 
and 6500 shp, which were completed between 1931 and1940, 
Two of these engines had been in service about 25 years 
when they were replaced. 

In 1933 the powerplant of a 300-hp diesel- hydraulic lo- 
comotive was replaced by a gasgenerator with a500-hp gas 
turbine. This locomotive was tested during 1934-1937 in 
regular service on several railways. However, the output 
was too small for the service in question, and the reversing 
was too slow, In railroad circles the interest was very high 
and it was suggested that a larger locomotive with faster re- 
versing would be the answer. However, for several reasons 
further experiments were postponed. The locomotive was 
‘scrapped and its gas generator installed in a tug where it re- 
mained for 12 years doing daily work in the harbor, 

These gas generators (altogether nine units) were all 2- 
stroke diesels with scavenge air ports in the cylinder wall 
and one outlet valve in the cylinder cover. They embodied 
from one to six working cylinders per engine and were built 
integral with double- acting reciprocating air compressors 
having one to three cylinders. The experimental unit, the 
300- and 1000-hp units, and the 500-hp unit (when used on 
the tug) were combined with reciprocating-type propelling 
engines built similar to steam engines and fed with gas de- 
livered by the gas generators, In the 6500-hp installation, 
as well as in the 500-hp unit when installed on the locomo- 
tive, the gas was fed to turbines, which were connected by 
means of reduction gears to the propeller shaft and locomo- 
tive wheels, respectively. 
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Fig. 2— Locomotive T1 indicator card 


L. H. TENGNER 


Shortly after World War II the Swedish State Railways 
were on the lookout for a diesel locomotive to replace the 
existing steam engines on lines where the volume of traffic 
‘did not warrant electrification. Their requirements asked 
for a locomotive with 1000 hp at the wheel rims, a maxi- 
mum tractive effort in the neighborhood of 30,000 lb, and 
a maximum speed of 56 mph. Existing locomotives, how- 
ever, were found to be far too heavy for the tracks of such 
secondary lines, Gotaverken designed a new gas-generator 
engine for a locomotive developed by AB Motala Verkstad. 
The result was a locomotive which fulfilled the above re- 
quirements, had a sufficiently low axle load, and could 
guarantee a fuel consumption at full load of 0,44 1b/shp/hr 
calculated at the wheel rims. In 1950 the State Railways 
placed an order for a first experimental locomotive; in Feb- 
tuary, 1955, shop tests and preliminary tests in the locomo- 
tive were concluded, and the locomotive put into regular 
service in southern Sweden. 

In this prototype locomotive, officially designated T1, 
the gas generator is a 2-stroke opposed-piston engine with 
reciprocating compressors. The power engine is a gas tur- 
bine fed from the gas generator. 


Basic Features 


Thermodynamic studies of the free- piston gas generator 
in combination with a power turbine have been made fre- 
quently in the past 10 years, As there is no fundamental 
difference in their application to the crank-piston gas-gen- 
erator engine, they will not be repeated here. 

There are, however, some features of the Gotaverken gas 
generator, which are of special interest and deserve a closer 
study. 

The compressor pistons of the Gotaverken gas generator 
are crank-bound, which means that the dead centers of the 
pistons are fixed. This makes it possible to make the clear- 
ance between the compressor piston and the compressor cov- 
er very small- in T1 only 5/64 in, - which ensures a small 
clearance volume and a high volumetric efficiency of the 
compressor, 

For safety reasons, the clearance between piston andcov- 
er in the free- piston gas generator cannot be kept at such 
small values, This means that much lower volumetric effi- 
ciencies must be contended with. With increased load the 
free pistons are working closer to their outer positions. The 
clearance volume of the compressors then is the largest and 
the compressor efficiency the smallest at the moment when 
the requirements for combustion air and compressor efficien- 
cy are maximum, 

On the other hand, the binding of the working pistons to 
a crankshaft would give a constant compression ratio in the 
working cylinder, This ratio can not be reduced below the 
point where safe cold starting is no longer guaranteed. With 
increasing load and scavenge air pressure, both compression 


CRANK-PISTON GAS-GENERAT OR LOCOMOTIVES 


and combustion pressures rise to values not tolerable in a 
diesel cylinder. In order to avoid this, the Gotaverken gas 
generators are equipped ‘with a compression regulator, which 
changes the compression ratio according to the load and 
achieves a substantially constant combustion pressure over 
the main part of the load range, 


Fig. 2 illustrates the effect of the compression regulator. 
The diagram shows an indicator card taken in the working 
cylinder of the present locomotive at full load, as well as 
a schematic version of the same cycle. The cycle is gen- 
erally also representative of earlier gas generators, When 
the piston moves towards its inner position, a connection is 
kept open between the combustion chamber and the exhaust 
pipe during an interval. The length of this interval is ad- 
justed according to the scavenge pressure in such a way that 
the compression and combustion pressures follow the desired 
relationship to load and speed. The means of keeping this 
connection open and the governing mechanism will be de- 
scribed later. 

If the compression line in Fig. 2 is extended down to point 
A, the pressure in this point defines the degree of supercharge 
of the gas generator, In this case the pressure at point A is 
31.4 psi absolute. F guring a scavenge air pressure of 17.8 
psi absolute for a naturally aspirated engine, the supercharge 
degree amounts to 75%. 


In this connection it may be appropriate to point out that 
in compound piston-and-turbine engines the pressure in the 
charge-air pipe does not define the supercharge degree of the 
diesel engine. It would do so if the compression ratio were 
kept within a narrow margin around the ratio common for 
naturally aspirated engines, But in order to keep the com- 
bustion pressures within reasonable limits, it is usually nec- 
essary to work with considerably reduced compression ratios, 
and many systems are working with variable compression 
ratios, Under such circumstances it is necessary to bear in 
mind, when discussing compound engines of the types in 
question, that the charge air pressure tells nothing about the 
actual supercharge degree, compression pressure, or the ther- 
mal load of the engine components, 

At light load and idling any gas generator still must de- 
liver a certain amount of gas in order to keep running. If 
this minimum amount of gas exceeds the momentary require- 
ments of the power turbine, the excess gas must be blown 
off or its energy destroyed in some other way, Naturally, the 
speed of rotation or oscillation should be kept as low as pos- 
sible in order to reduce the loss in gas and power. Because 
a crank- piston engine can run at a much lower speed with- 
out stalling than a corresponding free-piston engine, the 
fuel consumption at idling and low-load conditions is much 
more favorable with the crank-bound type. Without any 
special arrangements fot its improvement, the idling fuel 
consumption of the T1 locomotive is only 8% of the full-load 
consumption. The gas pressure then is only about 3.6 psi 


gage. 
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Crank-Piston Gas-Generator Locomotive “Gota” 


As already mentioned this 500-hp locomotive originally 
was equipped with a 300-hp diesel engine with hydraulic 
drive to the wheels, In 1983 it was rebuilt and equipped 
with a Gotaverken gas generator with a gas turbine and a re- 
verse-reduction gear of Ljungstrom design and Nohab manu- 
facture (3). 

The locomotive was originally of type 2-4-2 but was later 
rebuilt to 2-6-2 arrangement. It weighed 62 tons fully 
equipped. Maximum speed was 44 mph, The starting trac- 
tive effort was about 13,000 lb. The locomotive had driver's 
cabins in both ends and as it made use of the full loading 
gage, a passage could be arranged between the two cabins 
along the machinery, 

The gas generator consisted of a 4-cyl 2-stroke diesel en- 
gine directly coupled to a 2-cyl double-acting air compres- 
sor delivering its air at 61 psi gage into the scavenge air pipe 
of the diesel. As described above, the scavenge air was ad- 
mitted to the cylinders through scavenge ports in their low- 
er part, the exhaust gases leaving the cylinders through an 
exhaust valve in the cylinder cover. This exhaust valve was 
operated by a Klug valve gear. This valve gear opened the 
exhaust valve at a fixed position of the crankshaft regardless 
of speed and load, whereas timing of the closing point was 
varied with the gas pressure in the exhaust pipe. When idling 
and at low loads up to 7 psi gage gas pressure, the compres- 
sion period was 85% of the stroke, With increasing gas pres- 
sure, the exhaust valve closed later and later until above 40 
psi the compression period remained constant at 40% of the 
piston stroke, In this way the variable compression ratio dis- 
cussed before was obtained and safe conditions for starting 
and low loads guaranteed, as well as acceptable values of 
compression and combustion pressures over the upper speed 
and load range of the gas generator. 

Four working cylinders were coupled to two double- acting 
compressor cylinders, At a speed of 350 rpm, the gas gen- 
erator delivered its maximum of gas to the turbine at 57 psi 
gage; but when idling with the shutoff valve to the turbine 
closed and the blow-off valve open, the gas pressure was 7 
psi gage and the idling speed 100 rpm. 

The gas turbine and the reverse- reduction gear were of 
the Ljungstrom patented design for steam turbine locomo- 
tives. The turbine was of full admission type with one im- 
pulse stage and fourteen stages of reaction type. The design 
resulted in a ratio of 3,8/1 between tractive efforts at start 
and maximum speed. 

The reversing mechanism of the double-reduction gear 
included an eccentric-mounted secondary pinion, which 
could be alternatively meshed with either one of two gear 
wheels, giving different direction of rotation to the jack- 
shaft. The eccentric bearings of the pinion were rotated by 
means of a nut-and-screw mechanism. The time required 
for reversing was very long; but it was thought that as switch- 
ing service was not foreseen, the required reverse maneuvers 
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Fig. 3— Dimension print 
of locomotive T1 


would not be frequent. 

The auxiliary equipment was similar to that of the present 
T1 locomotive and will not be described in detail. At that 
time the Swedish passenger trains were heated by steam, and 
instead of the alternator of the T1 a steam boiler for 70 psi 
gage was installed for train heating. The boiler could be 
heated alternatively or simultaneously by exhaust or an oil 
burner, 


The experiences gained from the locomotive, as well as 
its further history have already been related. Some of the 
tests were made on the then private Halmstad- Nassjo-Rail- 
road, where later the present locomotive T1 was put into 
Operation, 


Swedish State Railways Locomotive No. T1 


The gas generator used in the prototype locomotive de- 
livered to the Swedish State Railways in 1955 is of crank- 
piston type with five vertical working cylinders and five com- 
pressor cylinders placed above the former. It delivers gas 
at 53 psi gage and 930 F through a shutoff valve to the tur- 
bine, which is bolted to the reverse-reduction gear, The 
latter transmits the power to a jackshaft, which is coupled 
by means of rods to the three driving shafts, The energy con- 
tent of the gas before the turbine is 1300 gas hp. The tur- 
bine converts this to mechanical energy at 12,500 rpm and 
the output delivered to the locomotive wheels exceeds 1000 
shp at speeds between 25 and 44 mph. The locomotive is 
designed for a maximum speed of 56 mph. 

The locomotive is of type 2-6-2, built with arigid frame. 

Fig. 3 shows a dimension print of the locomotive. The 


POWER AT DRIVING WHEELS 1000 SHP 
STARTING TRACTIVE EFFORT 31000 LBS 
DIAMETER OF DRIVING WHEELS 43” 

CRANK RADIUS 11° 3/4 
SERVICE WEIGHT 63 TONS 
ADHESION WEIGHT 38 TONS 
ADHESION WEIGHT AT START 47 TONS 


” 


FUEL CAPACITY 500 GALL 
GAS PRESSURE 53 PSIG 
MAX SPEED 56 MPH 


locomotive is equipped with two-wheel trucks at both ends, 
The jackshaft is situated between No, 2 and No. 3 axles, The 
locomotive is built for passenger and freight service on 1435- 
mm track. The six driving wheels have a diameter of 51in. 
The fixed wheelbase is 16 ft, 5 in., and the total length 
over the buffers approximately 42 ft. The total weight of 
the locomotive is 63 tons. The adhesion weight is 38 tons, 
giving an axle load of 12.7 tons; but this may be increased 
during starting or periods of very low speed to 47 tons by 
pneumatically rebalancing the wheel spring system. 

In accordance with Sedish diesel locomotive practice, the 
locomotive has a central driver's cabin raised above the ma- 
chinery hoods, The latter are made 40 in, narrower than 
the cabin, which in combination with the elevated position 
of the cabin gives an excellent field of view in both direc- 
tions, 

The gas-generator engine is placed under the larger hood 
and in the end section of the latter, the radiators are situa- 
ted together with the cooling fan and gear, The main part 
of the electric equipment is under the short hood. Fig. 4 
shows the arrangement. 

Between the gas generator and the driver's cabin and part- 
ly under the latter, the reduction gear is supported by roller 
bearings on the jackshaft and stayed in the locomotive frame 
by a reaction member. The gas turbine is flange- mounted 
on one side of the gearcase, and between the gas generator 
and the turbine a combined shutoff and blow-off valve is 
inserted, Above the turbine an exhaust silencer is placed 
connected to the blow-off pipe. 

The gas generator has power take-offs at both ends. At 
the radiator end a short cardan shaft transmits power to two 
belt-driven compressors for starting and braking air, respec- 
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Fig. 5 — Driver’s cabin in locomotive T1 


tively, and over a bevel gear and a hydraulic coupling to 
the radiator fan in the roof of the hood. The fan takes the 
air through the two radiators in the sides of the hood and ex- 
hausts it upwards, The speed of the cooling fan is automa- 
tically adjusted according to the cooling water temperature 
by means of a thermostat governing the slip of the hydraulic 
coupling. Water-cooled lubricating oil coolers are used for 
the gas generator, as well as the reduction gear. A small 
d-c generator for charging the battery is also driven from 
this end. 

At the other end of the gas generator a longer cardan shaft 
passes above the reduction gear and turbine and below the 
cabin to an alternator capable of delivering 150-kva alterna- 
ting current of low frequency to the electric heating system 
of the train. The Swedish railroads are electrified to a large 
extent and the current used is alternating single-phase cur- 
rent of 1000 v and 16 2/3 cps. All standard gage coaches 
have heating equipment suited for this current and it was 
necessary to provide a sufficient supply of electric power for 
this purpose. On the prototype locomotive, the alternator 
is connected to the gas generator as described above, The 
speed thus follows the speed variations of the gas generator 
at varying loads, The latter is allowed to run between 360 
and 720 rpm when the alternator is used, and the alternator 
speed then changes between 500 and 1000 rpm, giving a fre- 
quency variation between 16 2/3 and 33 1/2 cps, A carbon- 
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Fig. 4 — Longitudinal section through 
locomotive T1 


Fig. 6 — Gotaverken gas-generator locomotive T1 


pile voltage regulator of special design keeps the voltage 
constant at 1000 v regardless of the speed. Later locomo- 
tives with diesel or gas- generator machinery will have a 
separately driven alternator with constant speed and frequency. 

The alternator is situated under a short hood together with 
the necessary switchboard and a battery of 150 amp-hr and 
24v. Two communicating fuel tanks of 500 gal combined 
capacity are placed under the driver's cabin, 

Fig. 5 gives a view inside the driver's cabin seen at the 
driver's eye level, The long hood may be seen through the 
windshield and on both sides an excellent view of the ground 
may be had over the low hood, In the other direction the 
visibility is even better over the short hood. Two identical 
driver's stands are arranged diagonally, each equipped with 
a combined lever for the operation of the pneumatic control 
system for the gas-generator output and for the braking of 
the single locomotive, a train braking control, the most im- 
portant instruments for supervision of locomotive and gas- 
generator speeds, air and oil pressures, Push buttons are used 
for sanding and increasing the adhesion weight, 

The instrumentation visible between the windshields was 
special for this prototype locomotive and has already been 
reduced to normal standards. Below the instrument board 
the starting gear for the gas generator may be seen and a val- 
ve for filling the brake air system from the starting air tank, 
a feature of great value for speeding up the filling of the 
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brake system immiediately after starting up and when con- 
necting to a long train. 

A switchboard for the alternator is placed on the opposite 
wall, The cabin is provided with aerotempers, a toilet cab- 
inet with basin, discharge pipe and water container, and a 
hot plate. 

Fig. 6 is a photograph of the locomotive. Table 1 lists 
specification of the Gota and T1 locomotives. 

Gas Generator - The diesel part of the gas generator con- 
sists of a 5-cyl 2-stroke opposed- piston engine with only. one 
crankshaft equipped with three cranks between each pair of 
journal bearings. The middle crank is displaced 180 deg in 
relation to the side cranks, The lower piston is connected 
by a short rod to the middle bearing, the upper piston by two 
long rods to the side cranks, Junkers once built a truck en- 
gine of similar design. The single-acting compressor pistons 
are connected by intermediate yokes to the upper working 
pistons, The bearings in the upper ends of the side rods are 
seated on pivots extending from the yoke. Fig. 7 shows 
schematically the design of the gas generator, turbine, and 
reduction gear, 

The working cylinders are equipped with scavenge air ports 
in the lower part and exhaust ports in the upper part. The 
flow through the ports is controlled by the respective pistons, 
A perspective sketch of the complete piston and rod assem- 
bly is shown in Fig. 8. The upper piston assembly is made 
as light as possible. The working piston is cast in aluminum 
alloy with a heat resisting steel top supporting the first pis- 
ton ring. The compressor piston and the yoke are of forged 
steel, A photograph of the upper piston assembly is shown 
in Fig. 9. 

The lower piston is made of cast iron with a heat-resist- 
ing steel top, oil-cooled, and very heavy in order to counter- 
balance the weights of the upper piston assembly. 

In this way, using the inherent properties of the opposed- 


Fig. 7 — Simplified diagram of gas-generator engine 
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piston system; it has been possible to attain a complete bal- 
ancing of the oscillating forces of the first order for each in- 
dividual cylinder, and thus for. the whole engine. Conse- 
quently, for each separate cylinder number there is com- 
plete freedom to choose a firing order, which gives the least 
possible external couples of the second order. The increas- 
ed weight of the lower piston also decreases the bearing load 
on the crank bearing by 25% 

The crankshaft is designed to fulfill the requirements of 
Lloyd's Register of Shipping for main engines in ships. The 
revolving masses are completely balanced within each cyl- 


Table 1 - Specifications of Gota and T1 Locomotives 


Locomotive "Gota™ i SI 
Gas generator 
Working cylinuers 


Type Single acting Opposed piston 
Number of cylinders 4 5 
Diameter of 10 7/8 7 7/8 
cylinders, in. (275 mm) (200 mm) 
Stroke of upper - elf & 
piston, in. (200 mm) 
Stroke of lower 15 3/4 11 13/16 
piston, in. (400 mm) (300 mm) 
Compressor cylinders 
Type Double acting Single acting 
Number of cylinders 1 5 
Diameter of 22 25 3/16 
cylinders, in. (560 mm) (640 mm) 
Stroke of piston, 14 3/16 7 1/8 
in. (860 mm) (200 mm) 
Speed, rpm 350 720 
Gas horsepower - 1300 
Scavenge air 
pressure, psi gage 61 57 
Gas pressure 57 53 
Gas temperature, F 840 930 
Turbine 
Number of impulse 
stages 1 1 
Number of reaction 
stages 14 6 
Speed, rpm 8000 12,500 
Output at driving 
wheels, shp 500 1000 
Starting tractive 
effort, tb 13, 000 31, 000 
Maximum speed, 
mph 44 56 
Adhesion weight, 
ton 38 38 (47) 
Total weight, ton 62 63 
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Fig. 8— Piston and crank 
rod assembly 


inder and thus for the complete engine. The journal bear- 
ings are made with such a large diameter that they act as 
webs for the two adjoining cranks, which gives a consider- 
able reduction in cylinder center distance. These unusual 
bearings, with a length to diameter ratio of only 0.28 and 
a periphery speed of 2500 fpm, have operated to complete 
satisfaction without any modifications. 

The working cylinders are made as complete assemblies 
(Fig. 10). The center section forming the combustion cham- 
ber is equipped with seatings for the different valves and po- 
sitioning lugs for bolting to the engine frame. It was origi- 
nally cast in steel as shown in the photograph but has later 
been replaced by a forging with a welded-on cooling water 
jacket. The cylinder liners are made of centrifugally cast 
iron, have rectangular scavenge and exhaust ports, and are 
bolted with ground flanges against the combustion chamber, 
Welded jackets with spaces for cooling water, scavenging 
air, and exhaust surround the liners, In the picture the jack- 
ets are removed, The lower liner shown has scavenge ports 
of an early design. 

Two complete views of the gas generator are shown in 
Figs, 11 and12, The former shows the scavenge air side of 
the engine. The frame of welded steel plate consists of one 
lower, horizontally split case, housing the crankshaft; and 
one upper likewise horizontal case enclosing the compressor 
cylinders, The two cases are permanently joined together 
by vertical cases above each journal bearing. These cases 
enclose the long side connecting rods. The working cylin- 
der units are positioned in the spaces between the vertical 
cases and bolted with their center parts to them. The cylin- 
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Fig. 10 — Working cylinder 
without jackets 


der liners project into the upper and lower horizontal cases 
and are sealed against the latter by means of spring-loaded 
oil seals, They are free to expand vertically with changes 
in temperature. 

The air compressors deliver the scavenge air at maximum 
pressure of 57 psi gage into the upper scavenge air pipe. This 
is connected at both ends with the lower pipe from which the 
air is conducted through the scavenge ports intothe cylinder. 
The vertical portions of the scavenge air pipe incorporate 
scavenge aircoolers, Their purpose is to keep the scavenge 
air temperature below the critical value of approximately 
420 F, above which the lubricating oil (necessarily accom- 
panying the scavenge air) might get ignited by sparks thrown 
out through the scavenge ports, This temperature, however, 
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Fig. 12 — Gas generator, exhaust side 


is reached only during very hot summer days, so the coolers 
are seldom used. 

To the right in Fig. 11 the compression regulator and be- 
hind it the hydraulic governor may be seen. Above the lat- 
ter the flexible gas delivery pipe is visible. In the picture 
the gas generator rests on rubber mountings, but during test- 
ing the engine was found to be sufficiently vibration free that 
the rubber suspension could be discarded and the engine sol- 
idly bolted to the engine frame. Subsequent experience 
with the locomotive has justified this simplification. To 
the left the casing for the cooling fan is erected in its prop- 
er position and to the far right part of the cardan shaft tothe 
train heating generator is seen. The complete shafting sys- 
tem was tested in the shop in order to verify the calculations 
of the torsional vibrations in the system. 

Fig. 12 shows the opposite side of the gas generator with 
the compressor covers with their intake and discharge valves 
and the intake air filters, The gas delivery pipe is situated 
below the filters, which are in direct connection with open- 
ings in the hood. These air passages are protected from the 
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Fig. 11 — Gas generator, scavenge side 


heat of the gas pipe by insulated panels. 

The gear end of the gas generator is shown in Fig. 13. The 
bottom wheel is bolted to the crankshaft and drives the two 
camshafts at engine speed via the intermediate wheel, which 
is coupled to the alternator shaft. The right-hand camshaft 
aperates the fuel pumps, two per cylinder. The left-hand 
shaft operates the compression regulating valves. These val- 
ves, a closer view of which may be had in Fig. 14, are sit- 
uated in the cylinder center part and when open allow part 
of the cylinder contents to escape into the exhaust header 
during the beginning of the compression stroke. The valves 
are actuated via push-rods from the left-hand camshaft, Dur- 
ing idling conditions, the valves are open simultaneously 
with the scavenge ports, However, with increasing scavenge 
air pressure the compression regulator turns the camshaft rel- 
ative the camshaft, thus delaying the closing stroke of the 
valves and the beginning of the compression, The resulting 
influence on the compression and combustion pressures has 
already been déscribed. 

The governor (Fig. 15) is of the hydraulic type and in- 
corporates speed sensitive idling and maximum speed gov- 
ernors, as well as an output regulator affected by the pres- 
sure in the pneumatic control system. The idling governor 
can be set from the driver's cabin alternatively at 200 or 
360 rpm, the latter speed being used when the train heating 
generator is in use, 

Shutoff and Blow- Off Valve - The shutoff valve is hydrau- 
lically operated and closes the inlet to the turbine when the 
pneumatic control system is blown off. At the same time 
the blow-off valve is opened and releases the gas flow into 
the silencer, At the turbine outlet the flow is so smooth that 
the exhaust can be released directly to the atmosphere with- 
out undue noise. 

Turbine - Fig. 16 shows a longitudinal cut through the 
turbine, It has seven stages, the first one of impulse type 
and the remaining six of reaction type, The maximum speed 
is 12,500 rpm and at maximum gas pressure it delivers ap- 
proximately 1100 shp to the reduction gear, It is supported 
in white metal bearings and has a block-type thrust bearing 
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Fig. 13 — Gear train 
on gas generator 


at the outer end. An overspeed governor closes the gas shut- 
off valve when the maximum speed is exceeded by 15%. As 
the maximum gas temperature is in the neighborhood of 900 
F, the blading can be made of standard heat-resisting steel 
without resorting to expensive creep-resisting varieties. 

Reverse-Reduction Gear - A photograph of the complete 
gear box is shown in Fig. 17 and a partly cut-away drawing 
in Fig. 18. The turbine is bolted to the U-shaped flange 
surrounding the input shaft. Its weight is partly taken up 
by spring supports against the locomotive frame in order to 
lessen the load on the mounting flange. The turbine is con- 
nected to the pinion by means of a torsion shaft passing 
through the hollow pinion. The latter is of double helical 
type and rotates in white metal bearings specially designed 
to take the heavy loads from the starting torque with no oil 
film in the bearings, and also to suit the quite different re- 
quirements at the maximum speed of 12,500 rpm. 

The pinion meshes one of two equally large intermediate 
gear wheels supported by white metal bearings on the two 
intermediate shafts. Inside the wheel are two hydraulically 
operated friction clutches, which connect the respective 
wheel and shaft when engaged. In each end of the interme- 
diate shafts gear teeth are cut, which mesh two correspond- 
ing gear wheels on the jackshaft. The rims of the latter are 
elastically mounted on the hubs. By engaging one or the 
other of the two clutches the primary pinion is connected to 
the jackshaft over two or three meshes, giving forward or re- 
verse rotation of the jackshaft, A lubricating oil pump driv- 
en by the gear operates in parallel with a similar pump on 
the gas generator and safeguards the oil supply when the lo- 
comotive is towed with the gas generator shut off. 

The jackshaft is supported on spherical roller bearings in 
the locomotive frame and the gearcase rests upon the jack- 
shaft via another set of similar bearings. As mentioned ear- 


143 


Fig. 14 — Compression 
regulating valve 


Fig. 15 — Hydraulic governor 


lier a reaction member takes the reaction torque from the 
jackshaft. The intermediate shafts are also supported inroll- 
er bearings. 

Fig. 19 is a cut-away perspective drawing of the locomo- 
tive showing the different components in their actual places. 

Control System - Fig. 20 is a schematic drawing of the 
control system. The heavy solid lines indicate pressure oil 
and the dotted lines compressed air, A common pressure 
oil system is used for lubrication of the turbine and the gear, 
as well as for the control functions, As already mentioned 
two pumps operate in parallel, driven by the gas generator 
and the gear, respectively. The oil pressure is kept at 100 
psi. The oil is fed to a servo valve operated by the pressure 
in the pneumatic control system. When this pressure reaches 
about 15 psi, the valve admits oil to the servo piston of the 
gas shutoff valve and opens the valve. At the same time the 
blowoff valve is closed. 

Another branch conducts oil through an orifice plate to 
the bearings of the turbine and the primary pinion. A third 
branch conducts oil to the reversing slide valve, which is 
operated by air from the reversing valves in the cabin, and 
admits the oil to the proper friction clutch which then en- 
gages, Simultaneously, the other clutch is disengaged by 
releasing its oil content into the gear case. Part of the oil 
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Fig. 17 — Reverse reduction gear 


is transmitted at about 20 psi to the spray nozzles of the re- 
duction gear. 

From the oil pump on the gas generator, a part of the oil 
is conducted through a separate filter to the slide valve sys- 
tem in the governor of the gas generator, The slide valve 
are actuated by an idling flyball governor, an output regu- 
lator, and a maximum-speed governor, and determine the 
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Fig. 18 — Cut through reverse-reduction gear 


position of the servo piston connected to the racks of the fuel 
pumps. 

The pressure air is taken from the brake air system, a re- 
duction valve keeping the pressure at 56 psi before the con- 
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trol valves, As has already been mentioned, the reversing 
slide valve is operated by the reversing valve in the cabin. 
The variable pressure in the pneumatic control system (the 
magnitude of which via the output regulator governs the fuel 
rack position of the gas generator under load) is changed by 
feeding air into or releasing it out of the system by means of 
the control valve in the cabin. As already stated, the gas 
shutoff valve before the turbine is automatically opened 
when the control air pressure reaches 15 psi. Further pres - 
sure rise actuates the output regulator and increases the fuel 
rack setting, thereby increasing the speed and output of the 
gas generator and the torque of the turbine. 

To each pressure level in the pneumatic control system, 
a certain fuel rack setting corresponds, At maximum gas 
pressure the pressure drop in the action stage of the turbine 
is nearly critical; consequently, the gas flow through the 
turbine is approximately constant and independent of the 
speed of the turbine. Thus, the gas generator speed is al- 
most independent of the turbine speed; this is actually valid 
also for part load. The consequence is that a certain fuel 
rack setting corresponds approximately to a certain gas out- 


put, a certain gas pressure and acertain gas-generator speed, 
independent of the locomotive speed. 

When braking the locomotive, a certain level of the brake 
cylinder pressure operates a servo valve, which blows off the 
pneumatic control system, thereby bringing the gas genera- 
tor to idling conditions and closing the shutoff valve to the 
turbine. 


Experiences During Tests and Operation 


The complete engine was tested in the shop and several 
changes made before final testing and delivery. The gas 
generator was first run alone against a calibrated nozzle un- 
til its function was judged satisfactory. When running the 
gas generator together with the turbine and reduction gear 
certain difficulties arose. The available water brake coup- 
pled to the jackshaft could manage speeds only above 250 
rpm, corresponding to about 38 mph. Below that value the 
torque of the jackshaft exceeded the capacity of the brake. 
The lower speed range had to be tested with the water brake 
coupled to one of the intermediate shafts, The starting tor- 
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que was measured with the rotor of the brake locked to its 
housing. 

Fig. 21 shows a diagram over the output and tractive ef- 
fort measured during the final delivery tests in the shop, Sol- 
id lines refer to intercooled charging air, dotted lines to the 
uncooled state. The curves all represent a gas temperature 
of 932 F, As expected under these conditions, the gas horse- 
power is higher when the scavenge air is cooled. The halves 
of the curves for cooled scavenge air do not meet, owing to 
an improvement made in the aircoolers between the tworuns, 
The downward slope in the left part of the curve depends on 
the fact that themaximum-speed governor has come into ac- 
tion and restricted the speed to 750 rpm by reducing the fuel 
injection rate, 

Nor do the curves for brake output meet at 38 mph. Im- 
provements in the mechanical efficiency of the reduction 
gear were made simultaneously with the transfer of the brake. 
The left half of those curves are barely influenced by the 
changes at low speeds, but around 30 mph the curves should 
be raised to meet the right-hand halves, 

As may be seen from the curves, the overall efficiency 
of the engine is maximum at 38 mph. At this speed the 
measured brake output was 1110 and 1040 shp with cooled 
and uncooled scavenge air, respectively. 

The starting tractive effort calculated out of the measured 
starting torque was 31,000 lb with uncooled air and the ratio 
between this torque and the corresponding value at maximum 
speed was about 5/1. The measured fuel consumption at 38 
mph and a brake output from the jackshaft of 1000 shp was 
0.445 lb/shp-hr, including all losses down to the jackshaft, 
At the idling speed of 200 rpm, the fuel consumption was 
measured to 35 lb/hr, corresponding to 8% of the full-load 
consumption, 

By May, 1960, the locomotive had operated about 130,000 
miles, However, this includes a long period out of operation 
after conclusion of the first stage of testing. During that stage 
many "bugs" had to be overcome, as would be expected with 
a new design. Troubles with the auxiliary equipment, such 
as the drives of the alternator and air compressors, caused 
much delay but have been overcome. 

The gas-generator engine has required adaptations in sev- 
eral respects, but has demonstrated its suitability for loco- 
motive duty. The locomotive has been found to perform 
well in various types of service. Mainly, it has been used 
with fast mixed passenger and freight trains on the Halmstad 
-Nassjo line in Southern Sweden, a stretch of hilly and curvy 
track with many gradients of up to 1.7% and a total differ- 
ence in altitude of 1100 ft. The distance is 122 miles and 
a round trip is made daily with about 20 stops on the upjour- 
ney and somewhat fewer on the way down, 

The operation of the locomotive is very simple. There 
is one lever for forward or reverse; and once it is placed in 
the proper direction at the start of the trip the gear is not 
touched during the whole trip, as there are no gear changes 
necessary. One lever is used to increase or reduce the air 
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pressure in the control system, each pressure representing a 
certain gas output regardless of thespeed. Also, it has been 
found that new drivers rapidly get accustomed to the man- 
agement and behavior of the locomotive. 

In the gas generator, slight damages to the crank bear- 
ings occurred at an early stage. They could be attributed 
to restricted oil circulation in the bearing and were remedied 
by a modification of the oil grooves, Certain modifications 
of the scavenge ports have improved the performance of the 
gas generator, Oil cooling of the wall separating the suc- 
tion and delivery chambers in the compressor covers and oil 
cooling of the lower pistons had to be introduced. Further, 
the driveshaft of the hydraulic governor broke several times 
despite changed designs and had to be provided with an elas- 
tic coupling, which has worked satisfactorily. 

The most severe difficulty, however, has been caused by 
the thermal loading of the walls of the combustion chamber. 
When the cast-steel center sections of the working cylinders 
were designed in 1950, available experience regarding the 
possible heat transfer through the walls indicated a value 
around 40, 600 Btu/sq ft/hr, corresponding to a temperature 
gradient in the undisturbed wall of 114 F per in. The opti- 
mum wall thickness was calculated with this value asa basis. 

After one year of test runs in the testing bay and another 
year in actual service, cracks started to develop at the in- 
ner surface of the center sections. The cracks started from 
the holes for the compression regulating valves and later also 
from the openings for the smaller valves. For some time it 
was possible to repair the cracks by welding with good suc- 
cess; but it was ultimately necessary to redesign the center 
sections entirely and replace them in the locomotive. 

The temperature gradient was measured in the wall of 
the center section of a single-cylinder experimental gas 
generator of identical dimensions, which in the meantime 
had been erected in the research department. The tempera- 
ture gradient at full load was measured to 470 F per in, ,cor- 
responding to a heat transfer of nearly 165, 000 Btu/sq ft/hr, 
The formulas and curves from the interesting report by Al- 
cock, Robson and Mash (4) were also applied to this problem. 
With due consideration taken to the different conditions an 
extrapolation from their results gave a value for the heat 
transfer through the wall of 140, 000 Btu/sq ft/hr. 

Anew center section was manufactured of forged heat -re - 
sistant steel with a thickness only half the original one and with 
welded-on cooling water jacket. It was thoroughly tested in 
the single-cylinder engine and has performed excellently up 
to date. New combustion chambers of this design have late- 
ly been installed in the locomotive, At the same time, the 
cooling system of the locomotive was modified with increas- 
ed cooler capacity. A verdict about the behavior of the new 
combustion chambers can not be made until after at least a 
year of continuous operation. 

The turbine has given very positive performance. The 
blading stays clean and neither deposits nor erosion have been 
observed. A layer of soft soot formed after lengthy running 
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at low loads is entirely blown off as soon as higher loads are 
applied. The blading of the impulse wheel has been renew- 
ed with the thickness of the leading edge increased, as the 
original very thin edges did not keep their form when sub- 
ject to the hot gases, The inlet side radial bearing initially 
suffered from the heat of the turbine rotor. As long as the 
gas generator was running, a continuous flow of lubricating 
oil was conducted through the turbine bearings, removing 
the heat transferred to them from the rotor. When the gas 
generator was stopped, however, the lubricating oil flow 
ceased and the temperature of the bearings began to rise. 
Measurements of the bearing temperature showed that the 
maximum temperature of the inlet side bearing was reached 
first after several hours and was so high that serious damages 
to the bearing could be expected. Luckily, no serious ac- 
cidents happened. A battery-driven circulating oil pump 
was installed for cooling of the turbine bearings after the 
gas generator stops; no damage to the bearings has oc- 
curred since then, The pump is started manually, when the 
gas generator is stopped, and stops automatically after 1 hr. 

The reverse-reduction gear has given excellent perform- 
ance. The oil grooves in the bearings of the pinion have 
been modified in order to guarantee a sufficient supply of lu- 
bricating oil to the bearing surfaces under all conditions, from 
the very heavy starting load at zero speed to the maximum 
speed of 12,500 rpm. After the last modification, the bear- 
ings have worked to entire satisfaction for nearly 50,000 miles. 
The rest of the gear has not been opened up since the loco- 
motive was delivered in 1955. There have been no indica- 
tions of abnormal conditions. Inspection of the gear teeth, 
in so far as possible through the inspection holes, has shown 
no signs of excessive wear or overloading of the teeth. 


Future Development of T1 Type Locomotive 


The experiences gained from the T1 locomotive opera- 
ing on the Swedish State Railways has been very valuable. 
In order to operate the heaviest freight trains handled by the 
railroad, a somewhat higher output is required, A revised 
and modernized design has been drawn up for the railway au- 
thorities. It includes a 6-cy] gas generator delivering 1560 
gas hp, corresponding to 1200 shp at the wheels, For the re- 
duction gear, there is a choice between the double reduc- 
tion gear with only one gear ratio and a triple reduction gear 
with two gear ratios (enabling a change in gear ratio during 
running). In the former case, a very simple and easily oper- 
ated gear gives a starting tractive effort of 37,000 lb, In 
the latter case, a more complicated gear is necessary, but 
the starting tractive effort may be increased to a theoretical 
value of over 50,000 lb, which is practically limited to about 
33% of the adhesion weight, At the same time the region 
of optimum consumption is spread out over a wider range of 
speed and load. 

Referring to the development of the gas generator proper, 
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tests are being conducted with chromium- plated steel liners, 
improvements in scavenging and compression regulating 
equipment are under way, and the possibility of effecting 
the variation in compression ratios by increasing the clear- 
ance volume (instead of releasing part of the cylinder con- 
tents through a valve) have been investigated. 


Future of Crank-Piston Gas. Generators 


Naturally the line chosen by Gotaverken with crank-bound 
gas generators is not limited to the two main types of gener- 
ators described here, Plans have been made up for the con- 
version of a highly supercharged lightweight diesel engine, 
developed for the Swedish Navy, to a gas generator. This 
engine, which was described in 1957 (5), consists of an op- 
posed- piston 2-stroke diesel engine with two crankshafts con- 
nected by a helical gear train. With the scavenge air pres- 
sure of 25 psi gage this 10-cyl engine develops 3200 shp at 
1000 rpm with a weight including the supercharger of 18, 200 
Ib. 

Redesigned as a gas generator with 64 psi gage scavenge 
air pressure and a speed of 950 rpm, this engine would de- 
liver 3250 gas hp corresponding to 2800 shp from the turbine. 
The compression of the scavenge air would be effected in 
two stages with intermediate cooling. For the first stage a 
centrifugal compressor with a pressure ratio between 1.5/1 
and 2/1 would be supplied and for the second stage a rotat- 
ing positive displacement’compressor of Lysholm design,both 
positively driven from the engine and together consuming 
all its power. sf 

The turbine could be connected to the wheel by suitable 
reduction gear,cardan shafts, and bevel gears in the bogies; 
or it could be coupled to an electric generator with stand- 
ard traction motors at the wheels, in which case the increas- 
ed losses in the transmission would have to be taken into 
account. 
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Mating Materials in Unlubricated, 
High Load, Low Speed, 


THERE ARE many wear problems such as high-temperature L. E. Fuller 
valves, control linkage bearings, pneumatic cylinders and Linde Co. 
seals where the selection of materials presents a consider- 
able problem. This has created the need for mating ma- 
terial data, particularly where new materials with only lim- 
ited prior use are to be considered. Conditions of these high- 
temperature applications, at relatively low speeds and high 
loads, require operation with no lubricant or lubricants with 
limited effectiveness, A large number of material combi- 
nations was evaluated by the author in laboratory wear tests 
designed to be generally representative ot these service con- 
ditions, Samples had a form typical of complete face seals 
or plain thrust bearings. Description of equipment, proce- 
dures, methods of evaluation, and results are included in 
this report. 

All data presented are from tests run in air with no lubri- 
cation at a speed of 10 fpm under an apparent contact load 
of 500 psi at temperatures of 1000 and 1400 F. 

For test conditions described herein, and undoubtedly un- 
der a wide range of conditions of unlubricated wear in air 
at high temperature, the following conclusions were made: 

1, Special hard materials including carbides and oxides 
have better mating properties with certain other hard mate- 
rials and metal alloys than the mating unlike metals or 
the like metals which were tested. Coefficient of friction 
and wear rates are both lower tor hard material versus hard 
material and hard material versus metal combinations than 


for metal versus metal combinations. Fig. 1 bvaraltically ate aid San treA : 
: 5 Bp [Piceg e 
2, Among the special hard materials tested, those hav- with heater removed SS it ub Gite” 
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Wear Tests at High Temperature in Air 


ing a multiphase structure had better self-mating properties 
than single-phase material, 

3, With suitable mating materials, wear at high tem- 
perature is predominantly by adhesion; that is, effects of 
oxidation, surface fatigue, and abrasion are small, The 
simplified wear theory affords a good approximation for pre- 
dicting wear. 


Equipment 


A wear test machine was designed to provide tor triction- 
less hydraulic loading and centering of a lower stationary 
sample (Fig. 5B) against an upper rotating sarnple (Fig. 9A). 
The lower sample is mounted on a special hydraulic piston 
wilich provides a means for axial loading as well as mea- 
surement of friction-created torque. This machine was built 
to replace an earlier one which had a ballbearing-mounted 
lower sample-holder. Operating conditions were conducive 
to fretting of the ball bearings, resulting in an increase in 
static friction; hence inaccuracies in measured coefficient 
of friction were experienced. 

Two views of the hydraulic machine are shown in Figs. 


1 and 2, and a perspective cross-section is shown in Fig. 3. 
The stationary motor mount is supported on a frame which 
is constructed in such a way that loading forces do not cause 
misalignment. A one-piece, thermally insulated coupling 


drives the rotary sample. The lower stationary sample-hol¢ 
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er is similarly designed to help protect the hydraulic system 
from high temperature. Two pins extend radially from the 
stationary sample-holder. One pin is attached to a cali- 
brated extension spring for measuring friction while the other 


Fig. 2— Wear sample area of wear test machine with heater 
cover propped open 
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Fig. 3— Sketch of hydrostatically centered and loaded wear 
test machine 


contacts the operating appendage of a microswitch. The 
spring tension adjusting mechanism is designed to permit pre- 
cise measurement of spring elongation with a depth micro- 
meter, When friction exceeds a preset value fixed by the 
amount of tension on the spring, the microswitch disconnects 
the drive motor. An elapsed time meter records the drive 
motor "on" time. The heater is constructed of a stainless- 
steel outer shell and cast refractory to provide thermal and 
electrical insulation for the Nichrome V radiant heating el- 
ement. A thermocouple with a recording potentiometer was 
used to monitor temperature. A variable transformer on the 
heater power supply provided the means of controlling tem- 
perature. 

The hydraulic loading and centering system consists of 
a small packaged hydraulic power unit, suitable piping and 
controls, and a specially designed cylinder and piston shown 
in Fig. 3. The hydraulic circuit diagram is shown in Fig. 
4, Water cooling in the reservoir and on the pump discharge 
line is used. Flow of hydraulic fluid is divided into two por 
tions: 

1. The major portion tlows at full pump pressure into 
the wide groove between the cylinder liner and outer shell 
to feed six capillary ports in the liner arranged in two rows 
of three with equal spacing. 

2, The smaller portion of flow is diverted through the 
flow controller, thence to the pressure regulator, and into 
the bottom of the cylinder to apply controlled axial loading 
to the bottom of the piston. 

With no pressure on the hydraulic system the piston rests 
at the bottom of the cylinder, When pressure is applied to 
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the bottom of the piston it is forced upward until wear sam- 
ples contact each other and axial loading force is established. 
This vertical movement of the piston provides the space ne- 
cessary to install and remove wear samples. In the raised 
position, the three equally spaced recessed pads in each ot 
two rows on the piston are in alignment with the six inlet 
ports in the cylinder liner. Leakage past the straightthrough 
labyrinth at the bottom of the piston and past the circum- 
scribing walls of recessed pads flows upward through inter- 
connecting circumferential and axial grooves in the piston 
to the leakage return near the top of the cylinder, The lands 
and grooves on the piston above the leakage return prevent 
leakage out of the top of the cylinder, 

Hydraulic centering forces are derived trom pressure dif- 
ferences between the recessed pads on the piston. If the pis- 
ton is off center, radial clearances between the pad walls 
and cylinder wall will be unequal, Flow out of the pad var 
ies as the cube of this clearance, For capillary-type ports 
which are used in this machine, pressure drop is proportional 
to flow rate. Since flow through an entry port must be equal 
to flow out of the aligned recessed pad, pressure drop through 
ports varies as required by varying clearance. Therefore, 
if one pad has less than normal clearance its fluid pressure 
will be high while the pad on the opposite side will have 
greater than normal clearance and its fluid pressure will be 
low. If the piston becomes inclined to the axis of the cyl- 
inder, which will occur if the mating surtaces of wear sam- 
ples are inclined, the clearances of the two pads in the same 
vertical sector will be unequal and a force couple will be 
created which resists the force causing inclination of the 
piston. This force balance is essential in preventing con- 
tact between the piston and cylinder to provide a system 
which is practically free from static friction. Even with no 
external force the piston will not be perfectly centered di- 
mensionally because of imperfections in parts, The piston 
will be centered in the sense that it is surrounded by equal 
pressure areas or force fields, 


Procedure and Evaluation 


Samples were installed, the thermocouple was secured 
to contact the stationary sample with very light pressure at 
a point immediately adjacent to the rotary sample, and heat- 
ing was started at the beginning of each work day. Quartz 
felt pads were used for resilient backing of both samples. 
Load was applied by controlling pressure of fluid entering 
the bottom of the cylinder with the pressure regulator, (Pres- 
sure multiplied by the area of the piston minus the weight 
of the piston-sample holder assembly is equal to applied ax- 
ial load.) Average contact pressure on the samples was equal 
to the applied load divided by the apparent contacting area 
of the mating samples, This area was the same for all tests 
and is 0, 0580 sq in. computed from the 0.407 in. ID of the 
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Table 1 - Mating Compatibility Chart Rating and Test Temperature, F 


440C Stainless M2 Tool 
LW-1 Steel Steel 
E 
LW-1 Coating 1000 
E F 
440C Stainless Steel 1000 1000 
G P 2 
M2 Tool Steel 1000 1000 1000 
G G F 
LW-5 Coating 1000 1000 1000 
G F P 
Haynes Alloy 25 1000 1000 1000 
i F FE 
LA-~ Coating 1000 1000 1000 
G G F 
LC-1A Coating 1000 1000 1000 
2 P Ip 
Inconel-X 1000 1000 1000 


Haynes 
Alloy 25 
LW-5 (L-605)  LA-2 LC-1A Inconel-X 
G 
1400 
E Is 
1400 1400 
G E I>) 
1400 1400 1400 
G G E E 
1400 1400 1400 1400 
rR E R P P 
1400 1400 1400 1400 1400 


Symbols: E-excellent; G-good; F-fair; P-poor, See text for explanation of rating 


Composition and condition of materials is given in the Appendix. 


gc SSS 


reamed hole in the center-of-stationary samples and the 
0.490 in. OD of the rotary samples, 

Friction measurements were made during momentary run 
ning at the start of each test and at different temperatures 
during warmup. Continuous running was started when test 
temperature was attained, Friction measurements were made 
periodically during continuous running which continued until 
20 minutes before the end of the work day. Friction was 
again measured at various temperatures during momentary 
running while the machine was cooling down. Another fric- 
tion measurement was made with samples at room temper- 
ature the morning after the test was completed, Thus, all 
friction values except at test temperature were momentary. 
Duration of all tests was slightly over 7 hr, except in cases 
where wear was so rapid that the rotary sample-holder start- 
ed to scrape on the stationary sample outside the intended 
wear track, 

Nearly all samples with good wear resistance gained weight 
during high-temperature tests, This illustrated the impossi- 
bility of determining wear by weight loss, The unrubbed 
areas of samples were used as a datum plane from which 
heights of adjacent rubbed areas were measured with an el- 
ectric comparator gage. The maximum sensitivity of this 
gage was 10 Muin. per division and difterences of 5 Mu in. 
could bereadeasily. Samples were traversed radially under 


the tracer point of the comparator to determine the maximum 
wear depth at 90 deg intervals, The depth of wear track 
was taken as the average of these four measurements. Wear 
rates were computed by dividing the wear-track depth by 
the running time and sliding speed. 


All combinations having good gross wear resistance were 
examined closely under the microscope to determine the ex- 
tent and nature of surface damage, Qualitative data, par- 
ticularly in cases where materials have good resistance to 
gross wear, was often more important than quantitative data, 
Quantitative and qualitative data were combined to arrive 
at a classification for mating material combinations using 
the following definitions: 


1, Excellent - Light wear with slight surface damage to 
moderate wear with no surface damage other than smooth 
wear, 

2. Good - Light wear with moderate surface damage to 
moderate wear with light surface damage. 

3. Fair - moderate wear with moderate surface damage 
to rapid wear with light surface damage. 

4, Poor - Moderate wear with heavy surface damage to 
gross wear with moderate surface damage. 

Coefficient of friction is not used directly in this classi- 
fication. 
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Mating 
Materials 
. Rotary 


Stationary 


LW-1 Coating 
440C Stainless 
Steel 


440C 
440C 


LW-1 
M2 Tool Steel 


440C 
M2 


M2 
M2 


LW-1 
Haynes Alloy 25 
LW-1 
LW-1 


440C 
Haynes Alloy 25 


M2 
Haynes Alloy 25 


LA-2 Coating 
440C 

LA-2 

M2 


LA-2 
Haynes Alloy 25 


LA-2 
Inconel-X 


LW-1 
Inconel-X 


LA-2 
LW-1 


Wear Rates, 
1076 in, 
Depth per 
1000 ft 


23 
12 


Helis 


Gross failure 
510 


16 
546 


31 
o4 


Table 2 - Results of High-Temperature, Low Speed, 
Dry-Sliding Wear Tests 
Test Conditions: No lubricant, speed = 10 fpm, load = 500 psi, 
apparent contact pressure, temperature as 


1000 


1000 


1000 


1000 


1000 


1000 


1000 


1000 


1000 


1400 


1400 


1000 


1000 


a 


Coefficient 
of Friction 


0, 25 
0.34R,T. 


0. 26 
0.43 R.T. 


0, 29 
0.50 R.T. 


0, 30 
0.45 R.T. 


0. 20 
Oy AS IR IE 


0. 33 
0.46 R.T. 


0.43 
Oe ho) 1 1G 


0. 40 
0.34R.T. 


0.27 
ORSopRe Ly 


0, 23 
0.40 R.T. 


Oy aly 
0. 25 R. Xs 


0.16 
Os Gill Res Ee 


0.42 
0.53R.T. 


0. 28 
OP SOUR TL. 


indicated, 


Mating 
Materials 
Rotary 


Stationary 


Inconel-X 
Inconel-X 


LA-2 

LW-5 Coating 
LW-5 

440C 

LW-5 

Haynes Alloy 25 
LW-5 

LW-1 

LW-5 

M2 

LW-5 
Inconel-X 


LW-5 
LW-5 


LC-1A Coating 
Haynes Alloy 25 


LG-1A 
LA-2 


Le=rA 
LC-1A 


LC-1A 
Inconel-X 


L@=LA 
440C 


SSN 
M2 


LE=-1A 
LW-95 


Wear Rates 
107° in, 
Depth per 

1000 ft 


9000 
9000 


260 


Test 
Temp. , 


1400 


1000 


1400 


1000 


1000 


1400 


1400 


1400 


1400 


1400 


1400 


1000 


1000 


1400 


Coefficient 
of Friction 


0. 34 
0.52 R.T. 


0.16 
OAT a Ms 


0. 30 
0.48 R.T. 


Oeg 


POSER 40s 


0.27 
0.44R.T. 


0. 32 
OBO IRS 1p 


0. 29 
OBS UNS 


0. 21 
0.34R.T. 


0,19 
ONS Ua Re 


0.15 
0.27R.T. 


OL ue 
0.34R.T. 


0. 23 
0.49 Rod. 


0.33 
0.46 R.T. 


0,35 
O.49R.T. 


0, 22 
Do Bil 1s Ake 


WEAR TESTS AT HIGH TEMPERATURE IN AIR 153 
Table 2 - (Cont'd) 
Mating Wear Rates, Mating Wear Rates 
Materials 10-6 in, Test Materials 1076 in, Test 
Rotary Depth per Tempers Coefficient Rotary Depth per Temp., Coefficient 
Stationary 1000 ft 3 of Friction Stationary 1000 ft F of Friction 
Haynes Alloy 25 62 1400 0, 28 440C 63 1000 0,27 
Haynes Alloy 25 43 0.43 R.T. Inconel-X 314 0.58 RT. 
Haynes Alloy 25 240 1400 0.33 M2 84 1000 0, 24 
Inconel-X 2050 0.40R.T. Inconel-X 497 0: GOR..T. 
NOTE: R.T. refers to coefficient of friction measured before samples 
were removed from the test machine after the high-tempera- 
ture test run was completed. 
Results broad classes. Individual types among these classes may be 


Table 1 shows the cross-mutual compatibility ratings of 
all possible combinations of eight different materials. Table 
2 presents the numerical wear rate and coefficient of fric- 
tion values. Fig. 5 shows typical samplesready for test while 
Figs, 6-12 show the surface condition of several typical aiter 
test samples. Materials are identified in the Appendix as 
to composition and condition corresponding with designa- 
tions in the tables, 

Discussion of Results - Of all combinations tested to date, 
chromium carbide coating (LC-1A) versus aluminum oxide 
coating (LA-2) was the best and LC-1A mating with itself 
was second. Among the coatings, tungsten carbide (LW-1) 
was best for mating with hardened steels. Aluminum oxide 
(LA-2) was best for mating with cobalt-base superalloy, but 
poorest for mating with itself. Chromium carbide (LC-1A) 
was best for mating with itself and aluminum oxide, Mixed 
chromium and tungsten carbide (LW-5) was excellent tor 
mating with itself and with cobalt-base superalloy (Haynes 
Alloy 25), The generally better mating compatibility of 
cobalt-base superalloy compared with nickel-base super- 
alloy (Inconel-X) was expected. Some recent wear data 
show that nickel-base alloys containing noteworthy amounts 
of molybdenum and/or tungsten have better wear and gall- 
ing resistance than those in which chromium is the only prim 
cipal alloying constituent. 

The tables include only a minor faction of all combi- 
nations tested. ‘l’hey do include all maierials for which 
complete cross-mutual compatibility has been determined. 
No claims are made that the best combinations reported re- 
present the best possible choice of mating materials, Ma- 
terials included should be considered as representing rather 


superior to those presented, 


There seem to be tour possible explanations why some 
of the harder materials wore more rapidly than some ot the 
softer ones: 


1. Possible surface or subsurtace fatigue of harder ma- 
terials may result in incipient pitting and cracking, causing 
accelerated formation of loose particles. 


2, Oxidation may torm a lubricative tilm on some sotter 
materials and accelerate formation of loose particlesonharé 
er surfaces. 


3. Embedment of loose particles in the softer material 
may occur, thus reducing measurable depth of wear by an 
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Fig. 4 — Schematic of hydraulic circuit for hydrostatically loaded 
and centered wear test machine 
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Fig. 8 — 400C stainless (rotary) versus M2 tool steel (right) after 
7 hr wear test at 1000 F. No lubricant, load 500 psi, speed 10 
fpm 


Fig.5— Rotary wear sample (left), stationary wear sample 
(right). Both samples are coated, ground and lapped, ready for 
test 


Fir.6 — LW-1 ting (rotary) versus 440C stainless (right) after Fig.9 —LC-1A coating (left) versus LC-1A coating after 7 hr 
7 he wear test at 1000 F. No lubricant, load 500 psi, ged 10 wear test at 1400 F. No lubricant, load 500 psi, speed 10 fpm 
fpm 


Fig. 10 — Inconel X (left) versus Inconel X after 4 hr wear test 
at 1400 F. No lubricant, load 500 psi, speed 10 fpm. Note ex- 
Fig. 7 — LW-1 coating (left) versus LW-1 coating after 7 hr wear tremely deep wear in intended wear track and wide track on 


test at 1000 F. No lubricant, load 500 psi, speed 10 fpm stationary sample caused by rubbing on rotary sample holder 
undetermined amount. Because of the influence of No. 3, above, and inevitable 
4, Binder material adhesion in a coating may be weaker material transfer, total wear, considering transplanted ma- 


than adhesion tormed by the wear process so that shear in 


terial as wear, is not accurately assessed by measuring wear 
the binder phase rather than in wear-tormed adhesions may 


depth. However, the measurment of wear depth is the true 
occur, criterion of useful service life. Among the combinations 
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Fig. 11 — Haynes alloy No. 25 (left) versus Haynes alloy No. 25 
7 hr wear test at 1400 F. No lubricant, load 500 psi, speed 
pm 


listed, the results show clearly the advantages of the hard 
coatings as mating surfaces compared to uncoated metals, 
Surface conditions apparent on the photographs of Figs. 5-12 
are further evidence of these advantages. 

Values of coefficient of friction listed at test temperature 
are average, There was no great change noted during steady 
operating conditions for the better mating combinations. 
Values at room temperature after tests are generally higher 
than those obtained when starting with new samples. Some 
data on coefficients of friction at various temperatures dur- 
ing warmup and cooling down were obtained, In most cases 
peak values were observed between 850 F and 600 F during 
cooling. None of the coefficients of friction values listed 
are in the range where the materials could be considered as 
self-lubricating. However, in cases of the better combina- 
tions, coefficients of friction are in the range of some re- 
cently published data on a high temperature dry lubricant 
(1).* Generally, the materials which maintain hardness at 
high temperature are expected to have lower coetticients ot 
friction. Formation of adherent oxide films may account 
for the lower values at high temperature, but lower shear 
strength of adhesions at high temperature may also be a fac- 
tor. 


Correlation of Theory and Results 


In the interpretation of data and test results it may be ad- 
equate to state simply the order of performance of mate- 
rials. However, it seems desirable to include some com- 
parison between results and theory. A good starting point 
is the simplified theory of friction and wear. According to 
the adhesive theory of friction and wear, they are both pre- 
dominantly the result of a mechanism whereby minute ad- 
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Fig. 12 —LC-tA coating (left) versus LA-2 coating (rotary) after 
ely wear tests at 1400 F. No lubricant, load 500 psi, speed 
pm 


hesions are formed between surface asperities in contact with 
each other. This theory indicates that friction and wear are 
both proportional to normal load and inversely proportional 
to hardness, 

Bowden and Tabor (2) determined the predominating in- 
fluence on friction to be adhesions, The adhesive frictional 
force can be expressed as: 


Fea Wis/ A (1) 
where: 
W = Normal load 
S = Average shear strength at weakest section in vi- 
cinity of adhesions 
A = Total of areas subjected to shear 


zs 

The shear strength of adhesions will depend on such fac- 
tors as melting temperatures and mutual solubility and wet- 
ability of the two mating materials in addition to environ- 
mental factors such as atmosphere and temperature. Chemical 
dissimilarity of pure mating metals is generally considered 
favorable for obtaining minimum shear strength. 

The area ot adhesions tormed is inversely proportional! to 
the flow pressure of the material. The tlow pressure is prac- 
tically equivalent to the yield point. Thus, Eq. | may be 
written as: 


F = WS/P (la) 


where: 
P = Yield point 


Since penetration hardness is approximately 1/3 of the 
yield point, friction may be expressed as: 


Hig= sW5//2p (1b) 


where: 
p = Penetration hardness in pressure units 
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Although yield point is more generally known for com- 
mon metals, penetration hardness is easier to measure for 
all materials, and more accurately determined for brittle 
materials, especially for thin cases and coatings, Coetfi- 
cient of friction then, is expressed as: 


{ = E/W = 7578p (2) 


Because of the many factors influencing the shear strength 
it is difficult to estimate coefficient of friction tor compli- 
cated material systems. 

Archard (3) developed the concept of a probability that 
adhesions would, upon breaking, produce loose fragments, 
On this basis wear due to adhesions has been expressed by 
the equation: 


V = KWL/P (3) 


where: 


<< 
i 


Volume of wear of the softer of two mating 

materials, mm 

K = Probability defined by Archard (called the ad- 
hesive wear coefficient) 

L = Sliding distance, mm 

W = Normal load, kg 

P = Flow pressure, kg/mm? 


As explained previously in connection with friction, pen- 


etration hardness can be substituted for flow pressure, so Eq. 


3 may be written as: 
V = KWL/38p (3a) 


where: 
p = Penetration hardness, kg/mm? 


Eq. 3 is the physical description of the simplified wear 
theory. It may be expected to apply in all cases of two sol- 
ids in mutual sliding contact, since the formation of adhe- 
sions always occurs, even tor contacting materials of ex- 
treme dissimilarity (4). 

Rabinowicz (5) presented approximate values of the ad- 
hesive wear coefficient for broadly classitied materials de- 
pending on lubrication. He obtained excellent correlation 
between the amount of wear calculated with these coeffi- 
cients and actual wear measurements in some practical ap- 
plications. 

Calculations of wear coefficients using the data from Ta- 
ble 2 were made. For purposes of calculation, hardness at 
test temperature was estimated by multiplying measured 
room temperature hardness by the ratio of ultimate strength 
at test temperature to ultimate strength at room temperature, 
No such data was available for the special hard materia! coat- 
ings, so estimates of hardness at temperatures are, in fact, 
educated guesses, There could be an error of perhaps 30% 
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in hardness, but this is not sutficient to change the wear co- 
efficient by half an order of magnitude, or to the extent that 
the predominating wear mechanism would be judged incor- 
rectly. Calculations for simplifying substitution of data di- 
rectly from Table 2 are presented below. 

Eq. 3a is converted to English units, thus: 


Bae Oc J 56 WG Ill) 58 IGG abate 4 KWL 3b) 
V» in." = 3p kg/mm? x 1420 1b mm2 4260p 
kg in. 2 
Eq. 3b is transposed to: 
_  4260pV 3 
= WL (3c) 
For all samples: 
Ve “bay (4) 
where: 
h = Depth of wear 
At= Area of wear track 
h is takenstrom lable 2; "soph = 12 000nims 
W = PeAc (5) 
where: 
Pe = Contact pressure 
Ac = Apparent contact area 
P=" 500°psin 0 “Therefore: 
4260 h AP 
K 500 Ag 12, 000 AY 
and, since At = Ag: 
4260 hp 4 
IK = Sy 11h xem y 
Bx 106 ee MOK Sele 8 ip (7) 


Table 3 shows the comparison between values obtained 
using test data from Table 2 and those presented by Rabin- 
owicz (5). Correlation between calculated values and pub- 
lished values is very good for the first three combinations 
listed, It should be pointed out that the material designa- 
tions in Ref. (5) do not necessarily accurately describe the 
hard material coatings. LA-2 should be classed as a non- 
metal, but the other coatings consist of hard carbides with 
a distinct binder metal phase, and should be classified as cer 
mets, intermediate between metals, and nonmetals. Wear 
coefficient for the Inconel-X versus Inconel-X combination 
could be at least one order of magnitude larger than the cal- 
culated value. This combination wore so fast that the ro- 
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tary sample-holder rubbed on the stationary sample. The 
wide wear track is visible in Fig. 11, Depth in the intended 
wear track only was used for calculation, The low-wear co- 
efficient of Haynes Alloy 25 mating with LA-2 is not sur- 
prising, considering the unusual wear properties of cobalt- 
base materials, In the case of LC-1A mating with itself, 
the wear coefficient is about three orders of magnitude less 
than the «Xpected value for like metals. Perhaps it is un- 
fair to classity LC-1A as a metal since it is a multiphase ma- 
terial consisting of chromium carbide with a nickel-chro- 
mium alloy binder, The fact that this material mating with 
itself gives better performance than can be expected of un- 
like metals, and, in fact, is practically equal to nonmetal 
versus metal in performance, is considered unusual. 

Calculated values of wear coefficient are significant be- 
cause they show that test conditions and equipment produced 
the most common of wear mechanisms that is, adhesion, 
Therefore, the data can be regard as typical and reliable 
for application to practice for systems in which adhesion is 
the predominating wear mechanism. This condition can us- 
ually be satisfied by expert design and selection of mating 
materials, 
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Appendix A— Table of Composition and 
Condition of Materials in Wear Tests 


LW-1: Linde Flame-Plated coating, tungsten carbide with 
6-8% Co, ground and lapped. 
440C Stainless Steel: C 0. 95-1.20, Mn1.0 max., Si 


1,0 max., Cr 16-18, Mo 0.75 max., Ni 0.5 max., S 0.03 
max., Ph 0.03 max., hardened and drawn to 55-57 RC, 
ground and lapped. 
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Table 3 - Adhesive Wear Coefficients 
K, Adhesive 
Wear Coefficient 
Mating aHardness, Calculated from 
Materials kg./mm2 from Data Ref. (5) 
aLC-1A Coating 750 5.9x107° 5x1076 
versus LA-2 Coating nonmetal 
Coating versus 
metal 
Inconel-X versus 130 824 x 1074 x does 
Inconel-X like metals 
440C Stainless 200 1) O'x 105 0m en ae 
versus 4Haynes unlike 
Alloy 25 metals 


LA-2 Coating versus 200 0.99x10-8 5x1076 


‘Haynes Alloy 25 nonmetal 
versus 
metal 

LC-1A Coating versus 750 6.8 x10 Ox Oee 

LC-1A Coating like metals 


awear coefficients and hardness values are for the softer 
material of the mating pair. 


M2 Tool Steel: C 0.82, Mn 0.25, Si 0.25, Cr 4, 25, 
Mo 5.0, W 6,25, Val1.9, hardened and drawn to 62-64 RC, 
ground and lapped. 

LW-5: Linde Flame-Plated coating, 25% tungsten car- 
bide, 7% Ni, rernainder mixed chromium-tungsten carbides, 
ground and lapped. 


LA-2 Linde Flame-Plated coating, 99+ %AL903, ground 
and lapped. 


LC-1A: Linde Flame-Plated coating, chromium carbide 
with 15% (80 Ni-20 Cr) alloy, ground and lapped. 

Haynes Alloy No. 25: Ni 9-11, Cr 19-21, W 14-16, Fe 
SHO) maepG 4 Mie MO, Si al, Oks, , (GO, WoO, 15, Co meaeine 
der, wrough, cold finished, ground and lapped. 


Inconel-X: Ni 70 min., Cr14-16, Fe 5-9, Ti2.25-2,75, 
Nb + Ta 0.7-1.2, Al 0.4-1.0, Cu 0.2 max., C 0. 08max., 
S 0.01 max., equalized and aged to Rockwell C 36 min., 
ground and lapped. 


Cord Fatigue in Fleet-Tested Tires 


W. G. Klein, M. M. Platt, and W. J. Hamburger 


OF THE SEVERAL TYPES of tire failure encountered, one of 
the most discussed and least understood has been so-called 
"tire cord fatigue." The only point of real agreement has 
been that fatigue failure is characterized by circumferential 
cracks in the regions of maximum flexing. Since such fail- 
ure is usually initiated in the inner ply, which is subject to 
considerable compression, the name "compression fatigue” 
has frequently been applied. 

Undoubtedly, a considerable amount of private research 
has been done on this subject which, due to the economic 
advantages involved, has remained unpublished, but to our 
knowledge two recent pieces of research bearing pertinent- 
ly on the problem have come to the public's attention. They 
are those of Williams, et al. (1)* and Entwistle, et al. (2). 
These articles are considered of particular interest because 
they deal with the properties of cords and filaments remov- 
ed from tires rather than, as with the bulk of the work in 
the field, laboratory fatigue tests whose correlation with ser- 
vice conditions has been difficult to establish. Before not- 
ing the points of agreement and disparity among these art- 
icles and our own, it would be well to describe briefly the 
manner in which the tires were used. 


“Numbers in parentheses designate References at end of 
paper. 
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Fabric Research Laboratories, Inc. 


All tires considered were fleet tested. In the Williams 
and Entwistle work, they were subjected to conditions of 
overload and underinflation for mileages up to about 30, 000, 
while in the present work the tires were run at rated pres- 
sures and loads up to 100, 000 miles. 

The most important point of agreement in all three isthat 
cord strength losses are at a maximum in the flex zone and 
that filament strength losses are much too small to account 
for cord strength losses. Thus, it is assumed that broken fil- 
aments, rather than a degradation of those intact, are re- 
sponsible for cord strength losses. This has been semi-quan- 
titatively justified by examination of weakened cords. 

The most important point of disagreement is the rate of 
cord strength degradation. While Williams states that a lin- 
ear rate of cord strength loss with mileage exists and con- 
cludes that this rate is an index of fatigue resistance, both 
the Entwistle work and our own show an initial low-mileage 
nominal loss of strength followed by a long period of very 
gradually diminishing strength, and consequently require a 
more complicated view of the mechanism of fatigue. Such 
a view will be presented and justified logically, if not con- 
clusively. 

The resolution of this disparity is of importance in two 
ways: 

1. The roles of materials and construction cannot be 
properly understood without a knowledge of the basic mech- 


anisms involved in fatigue. 

2, The very inexact art of accelerated laboratory fatigue 
testing cannot be improved without knowing what goes on 
in a tire. 

It is the purpose of this paper to present the results of tire 
analyses made on tires from a New York taxi fleet and to 
suggest conclusions which might be drawn on the basis of 
these, the above referenced articles, and several conferen- 
ces with major tire producers. 

This work has been jointly sponsored by the following Ty- 
rex viscose tire yarn and pulp producers: American Viscose 
Corp. ; American Enka Corp. ; Buckeye Cellulose Corp. ; 
Courtaulds (Canada) Ltd. ; Industrial Cellulose Research Ltd. ; 
Industrial Rayon Corp. ; North American Rayon Corp. ; Ray- 
onier, Inc. 


The Taxi Fleet Test 


A complete description of the taxi fleet test, together 
with some early observations on tread wear, retreadability, 
etc. , isfound in a paper by Breazeale (3). The present brief 
description is simply to familiarize the reader with the test 
conditions. 

Alltires were made by the same manufacturer at the same 
time and allare 7.50x 14tubeless. Five different tire cords 
were used and each was represented by 100 tires in the fleet. 
Table 1, reproduced from the above reference (3), gives 
the pertinent construction parameters of the tires involved 
in this test. 

Each of the Tyrex Viscose Cords series was supplied in 
duplicate by two different producers, hereinafter designated 
simply as "A" and "B." Thus, while five different cords were 
used, there are only three nominal types. Each of the five 
different cords was represented by a sampling of from 6 to 
14 tires. The exact number of each can be found by refer- 
ence to subsequent graphs where the points for the individual 
tires are plotted. 

It should be noted that the values shown in Table 1 are 
for the bone dry state. All testing in the present work was 
done at 70 F, 65% relative humidity, and is thus not direct- 
ly comparable to the above. 

This test differs from most others in that rated pressure 
and load were maintained under constant surveillance, thus 
avoiding accelerated degradations which might not be cor- 
relative with normal wear. 

Tires for analysis were selected from the test in two ways: 

1. At selected intervals of mileage, a few tires not ex- 
hibiting any outward signs of fatigue were removed from ser- 
vice for dissection and analysis. 

2. All tires diagnosed as fatigue failures were similarly 
dissected and analyzed. 


*Photographs courtesy of U. S. Rubber Co., Detroit, 
Mich. 
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Table 1 - Construction Parameters of Test Tires 


1100/2 Tyrex 1650/2 Tyrex 


Material Viscose Cord Viscose Cord 840/2 Nylon 
Ends/inch 36 27 30 
Twist 15x15 2x2, 12x12 
Be Die Lensile PB Mh 36. 6 30. 3 
Carcass Tensile 3400 3940 3640 


Fig. 1 — Construction elements of modern passenger tires 


Data are included here covering 0*- 100,000 miles with 
recapping occurring at approximately 20, 000-mile intervals. 

TESTS PERFORMED-Figs. 1 and 2* show respectively cut- 
away and cross-sectional views of passenger tires. The cut- 
away view is from a tubeless tire similar to those considered 
in this report; the cross-section is from a tube type, differ- 
ing primarily in the substitution of a tube for the liner. It 
will be convenient for the reader not familiar with tire con- 
struction to refer to these from time to time during the fol- 
lowing discussion and descriptions. 

The tires were dissected by cutting out a segment of about 
90 deg and stripping off the rubber liner. This exposed the 
first, or inner, ply cords to easy removal. Four separate 
areas of investigation can be defined: 

Cord Strength - Cords were stripped from the first ply and 
tested at low extension rates on an Instron Tensile Tester 
using capstan jaws and a free gage length of 2in. Three 
regions of the cord were considered: 

1. Crown - the center of the test specimen at the cen- 
ter of the cord, corresponding to the crown position on the 
tire. 

2. Flex - the center of the test specimen about 3-1/2 
in. from the center of the cord, corresponding to the region 
of maximum flex-compression, a position about one-third 
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of the way from Nos. 11 and 12 on Fig. 2, 

3. Lower sidewall - the center of the test specimen at 
about 6 in. from the center of the cord. This is close to 
where the No. 9 appears on Fig. 2. 

These tests were performed with whatever rubber remain- 
ed on stripping the cord from the tire, still attached. The 
variability of cord breaking strength was extremely low and 
it was rarely necessary to make more than 10 breaks to es- 
tablish a sufficiently accurate estimate of the strength 
(+ 0.5 lb). 


Filament Strength and Elongation - The same three re- 


gions were considered for filaments as for cords, The fila- 
ment specimen length, however, was only lin. Filaments 
were removed from the cords in two ways: 

1. By partially slitting the rubber coating on 1-1/2-in. 
pieces of cord and carefully opening the cord by untwisting. 
Individual filaments could then be teased out. 

2. By chemically stripping the rubber from the cords, 
thus exposing all fibers to easy removal. 

Sufficient statistical accuracy was usually established for 
any given point by the examination of 25 fibers. All fibers 
were measured for denier on a vibroscope before tensile test- 
ing. 

Cord Adhesion - To measure cord adhesion, the carcass 
section was turned inside out and every other cord removed. 
The carcass was then placed on the lower cross-head of an 
Instron and one of the remaining cords, partially stripped, 
fastened in the upper jaw. As the cross-head moved down, 
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Fig. 2 — Cross-section of tire 


the carcass was manipulated so as to keep the direction of 
cord pull normal to the carcass surface. In this manner, 
stripping force was plotted as a function of position of the 
tires 

Visual Evaluation - The physical appearance of the car- 
cass and cords was noted at all stages of dissection. In addi- 
tion, the cord structure was more closely examined on those 
from which all rubber had been chemically removed. 


Experimental Results 


Cord Strength - Figs. 3 - 7 show the breaking strength of 
cords removed from tires as a function of tiremileage. While 
the strengths for all three regions -- flex, center or crown, 
and lower sidewall -- are given, the curves are drawn to rep- 
resent the flex zone values only. 

Note that for all types considered the trend is the same? 
an initialnominal drop in strength followed by along period 
of essentially constant strength and, in some cases, a fur- 
ther small drop somewhere between 60, 000 and 100, 000 miles. 
This latter drop cannot be very well defined, however, since 
no points were obtained between 60,000 and 100,000 miles 
and a single tire of each series was examined at 100,000. 
Nonetheless, the fact that all five showed a similar behavior 
suggests that the general level, if not the exact magnitude 
of the end points, is correct. 


Three individual points on these curves deserve special 
comment, 
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Fig. 3 — Cord strength versus tire mileage, Viscose A, 1100/2 
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Fig. 4 — Cord strength versus tire mileage, Viscose B, 1100/2 


1. The two low points in Fig. 4. These were due to ob- 
vious physical damage to the cords and will be discussed fur- 
ther in the section on visual evaluation. 

2. There is a low point at about 60,000 miles in Fig. 7, 
the nylon graph. The cause here is lowered fiber strength, 
and this will be amplified later in the general discussion of 
fiber properties. 

Itisof interest that although the strength of the nylon cord 
remains quite high in the crown, or center region, its degra - 
dation rate in the flex zone is substantially the same as that 
of the Tyrex viscose cords, 

Fig. 8 presents a normalized composite of the curves 
from Figs. 2-7. Shown in this form, the quantitative sim- 
ilarity of the five becomes obvious. 

In addition to the above low-speed tensile testing, a 
group of 1100/2 Viscose B cords were evaluated under im- 
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Fig. 5 — Cord strength versus tire mileage, Viscose A, 1650/2 
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Fig. 6 — Cord strength versus tire mileage, Viscose B, 1650/2 


pact tensile loading conditions by American Enka Corp. , us- 
ing a previously published technique (4). The results are 
plotted in Fig. 9. While the impact strengths were higher 
than the static strengths, no differences in trend were noted 
with respect to mileage. While the cords were tested at full 
length, the break is always in the weakest or flex zone. 
Thus, a direct comparison can be made to the curve of Fig. 
4, which is for the same type cord tested at low speed. Ex- 
cept for the different level, the curves are very nearly iden- 
tical, even the two aberrant weak points appearing at the 
same relative level. 

Filament Strength and Elongation - Fig. 10 shows the re- 
lationship between tire mileage and the strength of fibers 
removed from the flex zone of these tires. These fibers were 
removed from the cords by mechanical means only. Clear- 
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Fig. 7 — Cord strength versus tire mileage, nylon, 840/2 
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Fig. 8 — Percent residual cord strength versus tire mileage 
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Fig. 9 — Impact cord strength versus mileage, Viscose B, 1100/2 
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Fig. 10 — Flex zone fiber strength versus tire mileage 


ly, while there appears to be a slight degradation with mile- 
age, the amount is small, very much smaller than what 
would be necessary to account for cord strength losses. The 
sole exception is the low nylon value at 60,000 miles, which 
corresponds to a similarly low cord strength (Fig. 7). 

The denier of the nylon filaments is about 6.0, and the 
Tyrex viscose, 1.6. Thus, the absolute ditterence in strength 
level is no more than would be expected on the basis of the 
slightly higher tenacity of nylon. 

Fig. 11, filament rupture elongation versus mileage, 
shows a similar slight trend toward decreased elongation. 
However, the data are rather scattered and one could hardly 
attach much significance to the change. 

There is always the possibility in a biased sampling of 
this sort, wherein fibers on the outside of cords could not be 
tested, that significant errors in interpretation might be 
made. To obviate this possibility, fibers from chemically 
stripped cords were tested and the tensile properties of the 
outside fibers, previously imbedded in rubber, compared to 
those from the inside of the cord. The treatment itself caus- 
ed a slight shrinkage and degradation of tensile properties, 
so no comparison is made to mechanically removed fibers. 

Fig. 12 is a plot of the tenacity of the inside versus the 
outside fibers from the same cords. The line drawn is not 
through the points, but is rather an equal tenacity reference. 
If there were no difference between the two regions, the 
points would be scattered randomly about this line. The fact 
that there is astrong tendency for the points toaggregate be- 
low the reference shows that the outside fibers were definite- 
ly weaker. The important point, however, is not that the 
outside is weaker, but that the same tendency is manifest 
for both new tires, indicated by X's, and used tires, shown 
by circles. Thus, it must be concluded that the strength dif- 
ferential is due to factors other than use, most probably either 
processing or rubber removal. 

Fig. 13 is similar to Fig. 12 but shows the rupture elon- 
gation relationship between inside and outside fibers. The 
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same sort of conclusions apply here as for Fig. 12. 

Having established the validity of using the inside fibers 
as a reference, it is reasonable to examine the relationship 
between the tensile strength of mechanically removed in- 
side fibers and the strength of cords similar to those from 
which they came. It might be supposed that this relation- 
ship would show less scatter and more correlation thaneither 
of the individual plots versus mileage. Fig. 14 shows that 
this is not the case and the major cause of cord strength loss 
does not reside in a loss of fiber strength. 

In addition to the above tensile investigations, some work 
was done using X-ray techniques to evaluate changes in fine 
structure. This work was done by Kraessig and Kitchen of 
Industrial Cellulose Research Ltd., using a technique soon to 
be published. The parameter studied was lateral order fac- 
tor (FL. O,), Which for samples of the same degree of poly- 
merization has been found to be linearly related to tensile 
strength. The results obtained are shown in Table 2. 

Within the limits of fiber variability and experimental 
error, the data in Table 2 can be considered supporting ev- 
idence to the tensile test findings above, wherein there was 
shown a slight tendency to fiber strength loss with mileage. 
The assumption of the same degree of polymerization is cur- 
rently being checked. 

Cord Adhesion - It is generally accepted that adhesion 
of cords to the rubber somehow plays an important part in 
the fatigue life of the cords. A gross picture of adhesion can 
be obtained by the method described previously. The gen- 
eral levels of adhesion (as measured by the stripping test) 
are shown in Fig. 15. The new tire and 100, 000-mile tire 
are from the Viscose A, 1100/2 series, while the indoor 
wheel plot is a typical curve taken from the work of Entwist- 
le. Note that the highest loss of bonding force occurs in the 
region of maximum flex (between 3-1/2and4in, along the 
cord from the center of the tire). The trend is the same for 
both wheel and fleet tested tires, but it was observed by En- 
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Fig. 11 — Flex zone fiber elongation versus tire mileage 
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Table 2 - Results of X-Ray Test to Evaluate Changes 
in Fine Structure 


Cord Tire Mileage Fy .0; 
Viscose B, 1100/2 0 6,69 
Viscose B, 1100/2 57, 000 6.69 
Viscose B, 1100/2 100, 000 6.14 
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Fig. 12 — Comparison of tenacity of fibers from inside and out- 
side of cords 


twistle that the effect was less consistent on fleet tested 
tires. This lack of consistency can be seen in Fig. 16, where 
the flex zone stripping force is plotted against tire mileage 
for a number of 1100/2 cord tires. The trend toward lower 
adhesion is definite, but the variability is large. 

Figs. 17 and 18 show very little correlation between strip- 
ping force and cord strength. This is not to say that adhe- 
sion and cord strength are unrelated, but simply that the 
gross nature of the test and the high variability of the data 
do not permit such a relationship, even if true, to be es- 
tablished. It is also circumstantial evidence suggesting that 
adhesion breakdown is significant only when relatively com- 
plete, thus leading to the so-called catastrophic failure. 

Visual Evaluation - In the course of tire and cord dissec- 


tion, a number of qualitatively important observations were 
made: 

1, After removal of the inner layer of rubber, small dis- 
crete cracks were sometimes evidenced in the thin layer still 
remaining over the cords. Such regions were invariably as- 
sociated with severe strength loss in the cords beneath. 

2, Chemical removal of rubber from such cords showed 
excessive local fiber breakage, the extent of which was ap- 
proximately that required to account for the excessive cord 
strength loss. 

3, Such damage, when it occured, was always at a fill- 
ing yarn cross-over and at the helical line of singles yarn 
contact in the cord. A typical damaged cord is shown in 


W. G. KLEIN, et al. 


164 
4 
24 x VISCOSE,B 1100/2 
x NEW TIRES ° " A 1100/2 
© USED TIRES 
20 
wi 
: S 
ui 
3 16 & 
z= te 
fe) © 
E z 
3 10 
S = 
aw o 
a 
ow 8 
z 
=) 
oO 
+ fo) 20 40 60 80 100 
THOUSANDS OF MILES 
0 Fig. 16 — Flex zone cord stripping force versus mileage 


(0) 4 8 l2 16 20 24 28 
INSIDE ELONGATION, % 


Fig. 13 — Comparison of elongation of fibers from inside and 


outside of cords 2 
32 
x NYLON, USED Ores 
OD oo Wat = 
© VISCOSE, USED oe 
v "NEW 8 
° ° 
gee a 19 
4 a 
= 2 
$24 9 18 
WwW 
a 
= 
n 
I7 
20 
(e) 
Oo 
16 
is 13 lee 2.1 25 29 3.3 SE. 4. 45 
STRIPPING FORCE, LBS. 
0) fe) 20 30 40 50 i 4 ‘ 
FIBER STRENGTH, GMS. Fig. 17 — Cord strength versus stripping force, Viscose A, 1100/2 
Fig. 14 — Fiber strength versus cord strength 
4 17 td 
x 
16 
“a NEW TIRE 
ce! 
olf TIRE RUN ON INDOOR WHEEL 
5) @ IS 
ac [oa} 
ce} a) 
= 100,000 MILE TIRE & 
9g - 
zZ.2 © 
ao 5 14 
a 
iB & 
Q 
S 13 
| 3° 
4 
) 
) 2 4 6 8 10 
INCHES ALONG CORD FROM CENTER mM 
OF CROWN 1@) 4 8 1.2 16 2.0 24 2.8 3.2 


STRIPPING FORCE, LBS. 


Fig. 15 — Cord stripping force versus cord position as influenced 4 
by tire mileage Fig. 18 — Cord strength versus stripping force, Viscose B, 1100/2 


CORD FATIGUE IN FLEET-TESTED TIRES 


165 


SS SS SS SS 


Table 3 - Fatigue Failure Test 


Mileage 
Code Cord at Failure Crown 
Viscose B 1650/2 50,066 27 
Viscose B 1650/2 48,498 23 
Viscose B 1650/2 _0 (control) 
Nylon 840/2 59,469 28 
Nylon 840/2 52,356 Cul 
Nylon 840/2 0 (control) 


Cord Strength (1b) 


Filament Strength 


alex. Sidewall Flex Zone (gr) 
24 25 
PP) OF 24 6. 3 (1. 6 denier) 
27.5 6.5 
23 25 
14, 23 24 27. 4 (6. 0 denier) 
28.0 44,0 
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Fig. 19 — Viscose cord showing damaged flex zone 


Fig. 19. This particular cord is representative of those giv- 
ing the low values at 42,000 and 54, 000 miles in Fig. 4 and 
9. Since this type of damage followed the circumferential 
flex line quite uniformly, it is suspected that the damage 
was due to some period of underinflation. 

TIRES CLASSIFIED AS FATIGUE FAILURES - Four tires ad- 
ditional to those already discussed were diagnosed sympto- 
matically as fatigue failures, that is, they exhibited the 
characteristic circumferential breaks in the flex zone. Cords 
from all and filaments from two were examined in the same 
manner as the tires previously discussed herein. The re- 
sults are given in Table 3. 

For the fatigue failed tires, strengths of cords in the flex 
zone were determined: 

1. For cords adjacent to the failure. 

2, For cords far removed from the failure. 

Where two values are given in Table 3 the lower one per- 
tains to those cords adjacent to the failure region. Where 
only a single value is given, no dependence on location was 
found. 

Note that in the case of the two failed Tyrex viscose tires, 
cord and filament strengths are no different than those found 
for unfailed tires at the same mileage (Fig. 6). No large 
reduction in cord strength has been observed. Observation 
of the cords from the Tyrex viscose tires when stripped of 
rubber indicated only mild filament breakage, occurring ex- 
clusively at the filling cross-overs. 

Fig. 20 shows a chemically stripped viscose cord replac- 
ed in its original position on the inner surface of the carcass, 
Note the multiple areas of filament breakage, each occur- 
ring at a filling cross-over. This region is centered in the 
flex zone. The tire from which this picture was made fail- 
ed in fatigue. It did not come from the taxi fleet test, but 


Fig. 20 — Viscose cord showing multiple damaged areas at filling 
cross-overs 


is shown because it is an extreme example of the type of 
damage described above. 

For the failed nylon tires, substantial reduction in cord 
and filament strength was observed only in the case of the 
62, 356-mile tire, in the flex zone adjacent to the region 
of failure. For this tire, filament strengths were also dras- 
tically reduced, a loss of about 40% being found in contrast 
with a loss of about 50% in cord strength. Additional losses 
resulting from some fiber breakage may be present in this 
nylon cord, but such breakage has not yet been observed. 


Discussion 


Several important facts have been established with re- 
spect to cords and filaments from the taxi fleet test. It would 
be of interest now to enumerate these and evaluate their gen- 
eral significance in the light of the works of Williams and 
Entwistle, which were done under different conditions. 

1. The problem of fatigue has not manifested itself as 
a consistent degradation of cord tensile properties. In no 
case has there been either a failure or an appreciable weak- 
ening of cord strength which could be associated with a con- 
tinuous degradation. Even in fatigue failed tires, cords ad- 
jacent to the failure were in general of normal strength. 
Thus, it is concluded that the cord fatigue process, once 
initiated, runs a rapid course to failure. 
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Entwistle, on the basis of both indoor wheel and fleet test- 
ed tires (overloaded and underinflated in both cases), con- 
cludes that "... fatigue failure in atire is often a catastrophic 
process during which cord strength rapidly falls to zero but 
which is not preceded by significant and progressive loss of 
strength." Williams, however, states that fatigue failure 
stems from progressive loss of cord strength in the flex zone. 
This work, like Entwistle's, was done on overloaded and un- 
derinflated tires. 

2, We have shown that after an initial, relatively rapid, 
loss of cord strength there follows a long period in which the 
rate of loss is very small. 

Entwistle, though his mileage scale was compressed due 
to the accelerating action of overloading and underinflation, 


states substantiallv the same thing. Williams differs here. 
and concludes trom fis work that the loss 1n cord strengtn 


is linear with mileage. The cause of the initial loss is as 
yet unexplained. 

3. Fiber tensile properties degrade at a very low rate; 
large losses in cord strength are attributable to fiber break- 
age at discrete points. Here there is complete agreement 
among the three investigations, 

In two isolated cases, both nylon, significant loss of fi- 
ber tensile strength and rupture elongation was found. The 
reason for this has not been established. 

4, Fiber breakage appears to occur primarily in the flex 
zone and at filling yarn cross-overs. It seems to follow the 
helical line of contact between the two singles in the cord. 
Williams is not so explicit but is in general agreement. En- 
twistle likewise agrees. Neither mentions any observation 
on the role of the filling yarns. 

5. Significant local rubber damage (cord-rubber sepa- 
ration), not shown by the stripping test, but rather by visual 
observation, appears to accompany large cord damage. 

Williams does not consider adhesion. Entwistle, on the 
other hand, has considered localized bond failure quite ex- 
tensively with respect to both indoor wheel and fleet tested 
tires. Our observations are in general agreement with his, 
which are much more extensive than our own. Apparently, 
local bond failure gives rise to excessive local fiber strains 
leading to early failure. 


W. G. KLEIN, et al. 


The only real lack of agreement in all of the work dis- 
cussed comes from Williams’ contentions that: 

1. Loss in cord strength is linear with mileage. 

2. This loss progresses to an ultimate fatigue failure. 

It is our feeling that this discrepancy is due nottoa fun- 
damentally different phenomenon or a difference in tech- 
niques, but rather to the interpretation of the data. Will- 
iams' conclusions are based on two plots, one containing 
three points, the other,two. In the case of the three-point 
plot, the locus is apparently linear, but considering the small 
differences in strength shown by these points and a normally 
anticipated variability, characterization of a linear relation 
ship is questionable. Clearly, a straight line can be drawn 
through the two points of his other plot, but no functional 
relationship can be established from this. Once having a- 
greed that a progressive linear loss does not exist, the as- 
sumption that such a loss leads to fatigue failure is obvious- 
ly no longer tenable. 

In conclusion, it seems apparent that,in general,cords do 
not become progressively weaker until failure, but rather 
fail suddenly; that the failure is not associated with a de- 
gradation of fiber tensile properties; and that localized bond 
failure is frequently, if not always,associated with such cord 
failure. 

For the tires studied it is not possible to establish differ- 
ences between Tyrex viscose and nylon in fatigue since the 
number of failures was small and all occurred at high mile- 
ages. Similarly, rates of degradation of tensile strength of 
cords containing either fiber type could not be distinguished 
from each other. 
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Mach 3 Wing Structures 


Stiffened Skin versus Sandwich 


THE MOST WIDELY used wing structures are the wide col- 
umn and plate constructions, Most wide column structures 
have been stringer panels which are stabilized at intervals 
by ribs. Plate construction is characterized by thick cover 
plates supported by a series of longitudinal webs. Both types 
of structure have proved successful for aluminum aircraft, 

With the advent ot Mach 38 aircratt, materials being con- 
sidered are steel and titanium. Both materials are denser 
than aluminum and, theretore, need higher strengths in order 
to achieve strength/ weight ratios similar to those experienced 
with aluminum, 

Titanium and steel alloys already available exceed the 
tension strength-to- weight ratio of aluminum, For compfes- 
sion, the strength-to- weight comparison with aluminum is 
not as tavorable. For both plate and stringer panel construc- 
tion, the use of higher- strength material will reduce the equi- 
valent thickness, This decrease in the thickness ot material 
tends to lower the allowable compression stress that can be 
developed. Compression stability allowables are typitied 
by the equation. 


k n 2E 2 


a oueiialls si 


she! t 
Bink b 
(Symbols are identified in the appendix.) For the same 
structural width b and tor equal weight, the ratio of the elas- 
tic buckling stress of steel to aluminum is approximately 
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This indicates a need for more sophisticated stiffening sys- 
tems, Two such systems are the integrally stiffened grid 
plate and honeycomb sandwich, This paper will be concern- 
ed with the efficiencies of these two types of structure. 

Numerous papers have been presented comparing the struc- 
tural efficiency of wings. Most ot these studies have presen- 
ted the unit weight or the solidity of the structure versus struc- 
tural index parameters such as N/bs and N/h. This type of 
chart provides a very rapid estimation of the comparative 
unit weights which can be summed up to obtain wing box 
weights. The simplicity of these charts is possible because 
the internal loading is usually limited to spanwise bending 
moments. Compression and tension covers of most straight 
wings and swept wings with high- aspect ratios are designed 
by spanwise bending. However, the wing planform chosen 
for this study (as shown in Fig. 9) is a delta wing with an as- 
pect ratio less than two, Chordwise bending moments are 
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significant on this wing:as will be shown in the detail inter- 
nal wing loads. 


Design Mission and Insulation Requirements 


The thermal stability limits of JP-6 are such that any pro- 
longed periods of flight at supersonic Mach numbers require 
thermal protection from aerodynamic heating. This protec- 
tion is required to prevent fuel vaporization and/or to con- 
serve the sensible heat available in the fuel for use as a cool- 
ant for equipment aboard the aircraft. The fuel vaporiza- 
tion problem may be eliminated, within practical limits, 
if the fuel tanks are pressurized. The amount of thermal 
protection required may be reduced by the proper sequenc- 
ing of the fuel, providing the limits of travel in center of 
gravity of the aircraft are not violated. It is apparent that 
an aircraft designed to operate at supersonic Mach numbers 
must have a thermally optimized fuel system. 

Thermal protection of fuel is a very important structural 
consideration in the design of Mach 3 aircraft. This is be- 
cause insulation requirements can be an important item in 
the total weight, Pressurization of the fuel tanks reduces 
insulation requirements but adds weight to the wing skin 
panels, 

The lower moment of inertia of the integrally stiffened 
skin results in high stresses due to bending. Stiffened skin 
will be designed to a low pressure. The honeycomb design 
is not as sensitive to pressure stresses and will be designed 
to a higher pressure, 

In order to establish the amount of thermal protection the 
fuel requires on any given supersonic cruise aircraft, it is 
necessary to know or assume the following: 

1. The design mission profile: altitude, Mach number, 
and engine fuel flows versus mission time. 

2. The order in which the fuel tanks are emptied. 

3, The fuel tank geometry: areas wetted by fuel versus 
pounds remaining. 

4, Fuel venting pressurization schedule. 

For this paper, it was assumed that a major portion of the 
fuel aboard the aircraft was contained in the wings. The fuel 
tank arrangement and the fuel sequencing are shown in Fig. 
1. The mission profile is shown in Fig. 2. The fuel tank 
vent system was assumed to be pressurized during high-speed 
cruise. The insulation required to prevent fuel boiloff for 
a 9 psia and a 4 psia vent system has been determined, At 
these pressures JP-6 fuel vaporizes at approximately 260 F 
and 190 F, respectively. 

The amount of thermal protection required by each of 
the tanks was determined by setting up a heat balance for 
each tank and solving for fuel temperature versus time using 
various thermal conductances, The solution of the differ- 
ential equations involved in the heat balance was accom- 
plished by use of the IBM 7090 digital computer. The insu- 
lation requirements for the conditions assumed are shown in 
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Fig. 1 — Fuel tank arrangement 
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Table 1 - Insulation Requirements 
Maximum Permissible Thermal 
Conductance at 325 F Mean Temp 
Btu/(hr) (ft2) (F) 
Tank No. 9 psia system 4 psia system 
igi No requirement No requirement 
2 5.5 Beth 
3 8.3 5.2 
4 No requirement No requirement 


ee 


Table 1. For the thickness of brazed honeycomb or fiber 
glass necessary to meet the requirements listed in the fore- 
going chart, Fig. 3 was used. 

No attempt has been made to completely optimize the 
insulation requirements on the wing tanks presented in this 
paper, To obtain an optimum insulation configuration, the 
fact that the maximum aerodynamic heating rate occurs on 
the lower surface of the wing, must be considered. Thisre- 
quires more insulation on the lower surface of the wing and 
a lesser amount on the top. This method of insulation also 
aids in reducing the effect of aerodynamic heating on the 
fuel during the emptying period of the tank. Actually, from 
a heat transfer standpoint, the wing is the most inefficient 
fuel stowage space in an aircraft because the geometry of 
most wings results in the highest aerodynamically heated area 
per pound of fuel of any fuel stowage area in the aircraft. 
To offset this, it is the usual practice to empty the fuel con- 
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Fig. 3— Estimated thermal conductance of PH15-7 Mo brazed 
honeycomb and insulating properties of fiberglass 
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Fig. 5 — Chordwise axial load curves Ib/in. — ultimate 


tained in the wings early in the mission if the center of grav- 
ity of the aircraft allows. 


Wing Loading 


By optimization of the climb and descent speeds through 
the lower altitudes, the design speed- altitude profile can be 
determined so that both the gust and maneuver loads may 
have nearly equal influence on the structural design. Gust 
conditions would generally be critical on the forward portion 
of the wing and maneuver conditions would be critical for 
the aft portion, A composite design condition using these 
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Fig. 6 — Skin panel shear flows Ib/in. — ultimate 
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two loading conditions is used for the analysis. This results 
in the spanwise and chordwise compression loads and skin 
shear flows shown on Figs. 4, 5, and 6. The structure will 
be.sized for these loads at each of the 53 grid point loca- 
tions shown in Fig. 7. Unit vertical shears at the 53 grid 
points are tabulated in Table 2. 

There is a 30-40 F temperature differential between the 
lower skin panel and the upper skin panel. This difference 
will be neglected and the structure will be optimized for 
these loads at a uniform structure temperature of 480 F. Re- 
quirements for the bottom wing covers result in skin thick- 
nesses very nearly the same as the top cover. Therefore, for 
this study, the wing structure will be optimized for the bot- 
tom covers having the same loading as the top covers, 


Material Properties 


Properties of the materials investigated for skin panels 
and spars are shown in Fig. 8 and Table 3. 


Wing Spar Webs 


The structural index curves shown in Fig. 9 represent the 
three types of shear webs considered in this study. These are: 

1. Corrugated panel, 

2. Honeycomb sandwich. 

3, Sheet-stiffened skin. 

The purpose of these curves is to readily compare the dif- 
ferent types of spars without the effect of attaching members 
and minimum gage restrictions 
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I ere, 
© i i 450 F 
Table 2 - Unit Vertical Shears at 53 Grid Points Table 3 Maternal Properties ai 
Grid Unit Shear Grid Unit Shear Material PH15- AM- All-Beta_ Beryll- 
et Ps - Ib/in Point Py - tb/in, ~ > Prepettiss JM 2 
ae SRO 58 ~~. 800 Density (Ib/in.8) 0.277 0,282 0.175 0.066 
2 5, 700 29 730 Thermal Con- 
3 2, 920 30 650 ductivity 
Btu 
4 1,050 31 500 
5 870 392 260 (in.) (hr) (ft2) (F) 124 126 68.4 1073 
6 870 33 5 510 Coefficient of 
a 800 34 3,140 pea 
8 650 35 1, 420 mssiaia 
) 650 36 650 (in, /in.) 
a ions 38 2.90 Poisson's Ratio 230" GF 40,33 0,03 
12 a 290 39 4, 720 Heat Treatment 
13 670 40 2 310 (psi) 200,000 200,000 185,00 None 
14 800 41 1, 090 Fry (KS) 182.5 183 162 Gis 
15 760 42 520 Fry (KSI) 162 133 148 51 
16 650 43 380 Foy (KSI) 176 143 148 46.5 
17 410 44 3, 450 Fsu (KSI) LSS ee OR Sime Olec 39.4 
18 7.120 45 1,550 E7/106 Poa AES ays 40.5 
19 4 300 46 610 Ec/10® 2071 -21,1o» dooe 40.5 
20 2,020 47 300 G/10 10.63 10.388 5,94 20 
21 810 48 1,250 *FO.7 162: ee 37 
22 710 49 800 “FO, 85 165 125 147 34 
23 650 50 460 
24 500 51 300 *Ramberg- Osgood Stress- Strain Parameters 
25 400 52 700 
26 6, 540 03 300 
27 3, 650 
Fseq ~KS: 
10 me 
STRESS, KSI 60 rr 
280 .Gn 
50 Aas "I 
240 40 a —— 
<2. | 1~ ALL- BETA TITANIUM CORRUGATION 
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TT~ALL- BETA TITANIUM STIFFEN. WEB 
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120 10 |__| Fseqg* Feo) 
TITANIUM I3V-1ICR- 3AL Po=.175 (TITANIUM) 
ee "y100 200 300-400 500 600 100 B00 S00 1000 00 
40 4 /n~PSI 
; Fig. 9 — Efficiency of shear webs at 480 F 
0 4 8 12 16 20 
STRAIN, IN/IN X 109 A direct weight comparison can be made from these cur- 
Fig. 8 — Compressive stress — strain curves — 480 F ves to select the optimum type of shear web. On this basis, 
the corrugated panel was chosen as the optimumspar web for 
this study. 
The equivalent allowable shear stress (Fseq) was computed Utilizing the structural index curves from Fig. 9, each 
using the effective thicknesses and then adjusted for different grid point was sized for optimum thickness by assuming var- 
densities, The material used for the basis of these curves is ious spar spacings. For practical reasons, a minimum gage 


all-beta titanium alloy, of 0,01 in. was imposed on the corrugated panels. The ef- 
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fective thickness of the spar was computed from the equation 


spar = (seq) xh sous (3) 
The effect of including the spar-to-skin attachments in 
the selection of optimum spar spacing was considered, This 
was accomplished by adding the eftective thickness ot the 
attachments to the effective thickness of the spar (tspar)- 


lottach 3 ‘spar (4/h + 1/b) (4) 


integrally Stiffened Plate Covers 


The wafflelike stiffened skin is illustrated in Figs. 10 and 
11; the assumptions made in the minimum weight analysis 
of the stiffened skin construction are as follows: 

1. The effect of asymmetry which induces bending under 
axial load before buckling is neglected. Crawford has shown, 
for a one-sided stiffened system, that although bending is 
produced by the application of axial load, the critical sta- 
bility load is essentially the same (18). 

2, In computing the elastic constants ot the integral wat- 
flelike stiffening from Ref. (4), the shearing and twisting 
stiffnesses of the ribs are assumed to be Zero (that is, 8 and 
B* are equal to zero), Seide investigated this assumption tor 
a typical 45 deg skew- angle configuration and found the ap- 
proximate method to be adequate (4). 

3, The effect of the fillet radius, rw, and the cutting 
head radius, ry, are neglected in the optimization, but the 
weight due to in and rz is included in the final weight ot 
the wing. 

It is assumed that local buckling tailure will occur on a 
45 deg plane. At about 1/2 of the grid points, the biaxial 
loads are far from being equal, which means that the prin- 
cipal stress plane is not about 45 deg. These grid points 
were investigated when the optimum stress on the 45 deg 
plane was at compression yield. It was found that the stress 
did net exceed tension ultimate at any other plane. Since 
one aircraft requirement is that there be no failure at ulti- 
mate load, this assumption seems reasonable, 


Minimum Weight Analysis - From Figs. 12 and 13, the 


following relationships are obtained: 


nea = (Nae) 


yo 2 oy) o 
ae kenny ; Supe Nyy (6) 
pao x Ny) 
Niet (1) 


where + direction of forces is shown in Figs, 12 and 13. 
The critical stress for a rib fixed on the bottom, simply 
supported at the ends, and free on the other edge, is 


ifs 
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CROSS SECTION OF REPEATING RIBS 


Fig. 11 — Integrally stiffened plate 
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Fig. 13 — Direction of forces 
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Fig. 12 — Direction of forces 
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(tw/bw)2 (neglecting fillet radius) 
(7a) 


n = B/E, with fy 2 Foy (7b) 


The critical buckling coefficients fora plate with ends clamp- 
ed a/b = 1 are 


Key = Kex = 10.4, Kg = 14.71 (8) 


The relationship between the in-plane buckling loads may 
be expressed by the following interaction equation: 
f ) f'x 
EE ol eA a (9a) 
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where: 
‘ ro) 
Fy = Fty = 10.4 12 nB (ts/bs)2/12 (1-y2) (9b) 
F'y, = 14,71 127 E (ts/b,.)“/12 (1-2?) (9c) 


y 


Substitution of Eqs. 9b and 9c into 9 a yields 


ali 
fi: er Ge 
X Ee 
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ole es Nay 
BAN ” Nyy (9d) 
a (Nx - Ny) 
(Ny + Ny) 
eee i (9e) 


Equating the two local allowables and neglecting the effect 
of plasticity yields 


9 1/2 
a 1+a l+a 4(¢/14 71)" 
i abn ee tld Wome 


2.6 (6/14. 71)2 (10) 


The average thickness of the plate neglecting rw and rq is 
t = ty (1 + 2rpr,) (11) 

The effective load carrying thickness neglecting rw is 
ty St. (+ tpt) = N'y/t, (12) 
General instability equations tor wafflelike stittened plates 


simply supported with a/b = o are as follows: 
1. Shear equations from Ref. (6) 


k 2 
Nxyatow, 7 CaPi/(b/2) Ifx <1 (13a) 
Bynes eV s Ifx> 1 (13b) 
(6/22 
where: 

x = Uy + 2DK/Dq (13c) 
Gae= 8 0escs0. aay oso (134) 
Ch = 1373s y forests" S (13e) 
Cc, = Tire for x>5 (13f) 


2, Biaxial compression equation from Ref. (14). 
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F 1/2 
2G ¢ -b2 
Nxallows ~ b2 je ied eo AG a 
T4D9 
+ 4DK + 2uy m1 | (14) 


where for a/b=@ Ke = 4.0 

Using the relationships obtained in Eqs. 5 to 14, the fol- 
lowing optimum weight analysis was programmed on an IBM 
7090. 

1, Vary spar spacing (b values of 6, 9, 12, 15, and 18 
in. were used). 

2. Vary th (th varied from 0.05 to 1.50 in program). 

3. For each value of rp, calculate ry from Eq. 10. 

4, With a value of (bw/tw), calculate fy allowable from 
Eq. 7a. (From Eqs. 7a, 11, and 12, it is obvious that the 
higher the value of (tw/bw), the lower the value of t; there- 
fore, in the IBM 7090 program, (b/t)w first value was taken 
as 1 and varied to 200.) 

5. Calculate ts from Eq. 12. 

6. Calculate the values of bs, tw, Dy. 

7. Calculate Dj, Dx, Hy (note that Dj = Dg, Hy = Lx). 
Equations for these constants are given in Ref. (2), with the 
values of B' = 6° = rw = 0." 

8. Calculate Nx,jjoy, trom Eq. 14; Ret. (3) suggests the 
following plasticity correction: 


Xx 
Esec (15) 


Nxplast, Nxallow. E 


where: 


O 
EON os JE} 


Nxallow. 

and © stress corresponds to € on material property stress strain 
curve 

9. Calculate N from Eq. = 

© Nxy sow, fom Ea 13a or 13b, depend 


ing on value of x; Ref. (3) suggests the following plasticity 
correction: 


Gsec 

Nxyplast, Nxallow. Tirtreaetl (78) 

where: 
W 
Gsecamae Oye N 
ey s *Yallow. 
OK 

and T shear corresponding to on material property 
curve. 


10. Calculate Nx., trom the tollowing interaction equa- 
tion: 


Y, 
N = ile 
Kar (7 spin) Na staat (17) 


11. If Nx,, is less than actual applied Nx, go back tostep 
4 and take larger value of bw/tw. This procedure is con- 
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tinued until Nx,, > Nx. 

12, Select new value of rp in step 2 and repeat process. 
Fig. 14 shows the results for grid point 6. 

13. After tskin has been found for all values of Ip, a new 
value for the spar spacing is taken (step 1) and the whole 
process is repeated. Fig. 15 portrays the results of stiffened 
skin sizing calculations for grid point 6, (See Fig. 9.)tskin 
is plotted versus spar spacing tor the AM395 material. 

14, The final step in the optimization program is the sum- 
mation of the stiffened skin weight and the spar weight. The 
titanium spar weights are converted to an effective steel 
thickness as shown in the spar curve in Fig, 15. The sum- 
mation Of the tg,jp and the Tspar ylelds a total t tor eacn 
spar spacing. The lowest point of the tskin + par Curve(Fig. 
15) gives the minimum t for grid point 6, 

Fig. 16 shows typical cross sections of optimized stiffen- 
ed sheet under three conditions of loading. 


Honeycomb Sandwich Covers 


Honeycomb sandwich panels can tail by general instabil- 
ity of the total panel or local instability ot the tacing sheets. 
Equations will be developed to determine the tacing sneet 
thickness and core density required to prevent the two modes 
of failure for given loads, geometry, and properties. 


General Instability 


Uniaxial Compression - The failure of a honeycomb panel 
by general instability due to uniaxial compression can be 
predicted by the formula (Ref. 7): 


a 
Feey = Ee. K (18) 
7 E, 
where 
K = Kr + Ky (19) 
25 
= 5350 LB./IN 
= {750 LB./IN 
.20 
= 450 LB./IN 
= 15 
15 
10 + 
05 al 


r; 
0 20 60 80 1.0 1.2 


Fig. 14 — Optimization of + 45 deg grid — grid point No. 6 
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and 
Ef (2c + 2tp? 3 
= 3t ee 20 
DS erst [ae a f | (20) 
Ef ctf D) 
Den |S erea, (21) 
6 (1-12) 4 
in which Uy 
Kites (22) 
c 


Eqs. 20 through 22 assume that the two facing sheet thick- 
nesses are equal and that the core has no flexural rigidity. 

The extensional stiffness of the panel, neglecting the 
modulus of elasticity of the core, is 


Ey. = 2t¢ Ef (23) 
Substituting Eqs. 21, 22, and 23 into Eq, 18 yields 


FCoy K 12 Ef 9 
ieee 3+ 6Kt + 4Kt (24) 
n 12(1 - 1)(b/c) 


Assuming Kf is negligible an can be ignored, K = Kp. 
Km for a simply supported panel can be found from the fol- 
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Fig. 15 — Optimization of wing box at grid point No. 6 


Fig. 16 — Typical cross section of optimized stiffened sheet 
structure 


174 


lowing equations: 

2 
_ 1+ (a/bm) 
” 1 


1 +(bm/a)* (25) 


2 (b/c)? God - yw) 
= 26 
Lp a URE Fa. i A BK ‘ ) 


assuming that the quantity 
2]. 2 
3 + 6Kt + 4Kp ] = 3(1 + Kp (27) 
If Ke is negligible, Eq. 24 becomes 


Feo, «KK ow? Bp (1+ Kt)” 


re ie ae ee 28 
n 4 (b/c)2 (1 - 2) = 


Shear - The formula for the citical shear stress in the 


plane of the panel is: (7) 


2 
Tt“ Gf D 

— K 29 
b2 Ng : ae 


Fsor = 


where 
AS 3 b2/ a2 


Ksteao laa (1/3) (13 + 9b2/a2) 


(30) 


for the simply supported case, and 


2 b/0)" Ca =) 


== ; (31) 
m2 Ef Ke (1 + Ky) 2 


The panel flexural rigidity is, of course, identical to that 
shown in Eq. 21: 


D Epes 84+6 K+ 4Ke (32) 
SS + + 
6 (1 - p?) hee 
Ns = Gf (d- c) 


and 
Fscr, -Koumak{ (1 + Kye 


n 4 (b/c)2. (1. = 2) (S2) 


Biaxial Compression - The basic plate buckling equation 
for biaxial compression is 
te (c + tp2 
tees to? | | 


Nx (m/a) 2 ‘m2 ane me ER 
ER a2 b2]G'oc 2 (1 - p2) 


Ny (a/b)? (men?) rE testy? | 
ER iat "bo J.G") pee ed 2) i 


a (ethene 
2(1- 2) \ae be (34) 
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This equation can be expressed as 


Kxm? ae we, Ky (a)? F 7‘ wre 
2 J m m m 


m J (35) 
where 

i.) Sell (a7 b) 

m' = m2 + (n')2 

= Ge cb2/n2D 

D = Etf(c+ tp?/2 (1 - p2) 

m = number of half waves in X direction 

n = number of half waves in Y direction (36) 


The procedure for computing the allowable load is as fol- 
lows: 

ie Compute (Ears O)s 

2. Find Ky, given 


-Ky __Fy/n 37 
Y Kx Fx/n Go 


3, Find yj from the equation 


yen we pe yeynee (38) 


4, Find (Fe,,/n)/ KE (10-8) 


Fo if 
5. re cr 1 ae 
Feer, [= (Ky, E x 10-8) 


6. Determine Fxo;,. yj from the plasticity correction 
curve (Fig. 17). 


oa _ F.yi (39) 
nChnate Ny; 
8, Fe¢ 
MS = 2% <= % (40) 
i, 


Biaxial Compression and Shear - This type of loading is 
analyzed by the stress ratio concept, utilizing the approxi- 
mate interaction equation: 


2 
Re + Ret) 31 (41) 

where f f 
Re = - or —— (42) 

Cery Peery 
Rg = £ 43 
s Fo (43) 
fy, fy, fs m2 


D 
= (Kx, K acne i y 
Par i (Kx, Ky & Ks) Ib2, respectively (44) 
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Local Instability - Honeycomb sandwich panels are sub- 
ject to two torms otf local instability, intracell buckling and 
face wrinkling. 

Intracell Buckling - Intracell buckling 1s a local insta- 
bility ot the faces, If the face thickness is reduced while 
the cell size and material are neld constant, a valuc ot tace 
thickness will be reached at which the tace will buckle be- 
tween the cell walls, This phenomenon will occur over the 
entire face of the panel with concave surfaces in all cells. 

Because of possible core damage and the precipitation of 
premature wrinkling failure, the intracell buckle should be 
prevented, Satisfactory prediction of intracell buckling for 
uniaxial compression can be made by using the following ex- 
perimental equation (9). 


Fei = .9ER (t,/s) 24% (45) 
where 
2B ET é 
Ep = eo 46 
R E+ET (46) 


A family of typical intracell buckling curves can be seen 
in Pig! 16: 


Wrinkling - A wrinkling failure of a honeycomb facing 
sheet occurs because of the instability of a thin sheet on an 
elastic foundation. Two distinct modes of failure are pos- 
sible, symmetrical and antisymmetrical, as shown in Fig. 
19, For large values of Ky, (tf/c), the wrinkle will be an- 
tisymmetrical and the critical stress will be a function of 
Kt. For small values of Kt, however, the wrinkle will be 
symmetrical and the critical stress will be a function only 
of the .naterial properties of the core and face, 


T if If 
; PH15-7Mo STEEL (HT 200, 000) 
RAZE 


Fs, (KSI) 


Fig. 17 — F/7 versus F, for various 8 | 
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Fow = 0.5 (En EcGo) 1/8 (47) 
where 
1 = (1/46) (Es + SEt) 


ep SOS0%S 


Biaxial Compression and Normal Pressure - The prime 
concer for checking a panel with this loading condition will 
be local stresses induced by bending and shear, However,the 
of panel deflections on aerodynamic qualities must also be 
considered. 

The bending stresses at the center ot the panel can bede- 
termined from the following basic equations: 


(68) (68) 
16 (a/b) * 
Kmx = Sa 
jag) Hk, Soest 


1) (m+n/2-1) ane ry n2a2/b2) 


m'n \ 


il 


MATERIAL: PH15-7Mo STEEL (HT 200, 000) 
RH-1050 PRAZE CELL SIZE 3/16 IN. 


{ 
ine WHERE f,,,, and f,,,, (MAX COMP STRESS) 
ARE OBTAINED FROM MOBR'S CIRCLE 
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Fig. 18 — Intracell buckling 
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Fig. 19 — Two modes of wrinkling failure 
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a/b 23 
Miy =Kmy po? 


Fig. 20 — Curves plotted to evaluate K,,x and Kuy 
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Fig. 21 — Results of computed facing sheet requirements, t,, 
added to equivalent t’s for core, braze, and spars 


(00) (6 0) 
Kmy = 16 (a/b)2 > » 


Mol he Soe th Ss) 


Gi ee 1) (n'y? x m2) 


TA 
1 ~ 
t N iL) ' 
rs 6K ed + “| (a/b)” + = e + y (n'y? \ 


(49) 
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; 
SPAR ~ 
SPACING 
tw =.01I9 |tw =.0247 |tw =.0340 : 
Fig. 22 — Typical cross section of optimized sandwich structure 
where 
Mix Kmx pb? 


Miy = Kmy pb? ane 
J = Gocb@ (1 + Kp)*A“D 


D = Etg¢(c+ tp* /2 (1 - 2) 
ls fx/n 


Curves have been plotted to evaluate Kmx and Kmy (Fig. 20). 


The honeycomb panel optimization utilizing the equa- 
tions developed 1n tis section was performed by an IBM ‘/UY0 
program. A wing was assumed to Nave a certain 11xed spar 
spacing and core depth and was sized tor tmis contiguration. 
Spar spacing was varied trom 7,5 in. to 3U 1n,, while core 
depths were varied from 3/8 in. to 1-1/2 in. Twenty wings 
were sized at each of the 53 grid points, As each individual 
grid point would require approximately 3/4 of a man-hour 
for computation, it can be seen that the IBM program was 
invaluable in this study. 


The results of computed facing sheet requirements, tf, 
were added to equivalent t's for the core, braze, and spars 
in Fig. 21. The curves at the left show these summations 
for typical high, medium, and low load regions; t versus c 
is plotted for a fixed spar spacing. The low point in the 
ttotal curve is, of course, the optimum sizing for the given 
fixed spar spacing. A direct measure of the penalty for a 
nonoptimum b/t is shown by comparing ttotal for the core 
depths in question. 


The effect of the variable spar spacing must be evalua- 
ted next. Curves of t versus c are plotted for each spar spac- 
ing considered, The optimum point for each of these spar 
spacings is plotted on the t versus b curves on the right-hand 
side of Fig. 21. A curve is drawn through these points. It 
is seen that these curves also have an optimum point. This 
point deterniines the optimum spar spacing and core depth 
for the loading at each grid reference point. 

A weight breakdown for the optimum honeycomb wing 
is shown in Fig. 22, 
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Conclusions 


The structural and insulation requirements for a Mach3, 0 
delta winged aircraft have been computed for integrally stif- 
fened wings and a steel honeycomb wing. The comparisons 
have been made for designs that take advantage of the capa- 
bilities of each type of construction. 

Panel sizing was affected substantially by chordwise loads 
and pressure loads, The result is a decrease in the optimum 
spar spacing, as compared to the optimum for uniaxial load- 
ing and an increase in total wing weight. Because of the 
smaller moment of inertia ofthe integrally stiffened skin, 
this type of construction was found to be more sensitive to 
chordwise loads and pressure loads than the honeycomb panels, 
Final optimum sizes and spar spacings reflect these effects. 
(See Figs. 21 and 22.) A realistic optimization of a delta 
winged aircraft must include more than uniaxial loadings. 

This study optimized each of the 53 points for the four 
wings considered. The weights (shown in Table 4) are based 
on the optimum configuration for each point. Further study 
indicates that a practical wing design - one with a minimum 
of changes in section and spar spacing - would result in very 
close agreement with the ratios obtained for total wing weights. 

The corrugated spar design utilized for this study is a very 
etficient snear web. ‘Ihe shear web is important in the op- 
timization, as any change in spar weight is reflected in op- 
timum spar spacing and, therefore, total weight. 

Insulation requirements are an important factor in the 
design of a Mach 3.0 aircraft with transport-type mission re- 
quirements. The relatively low thermal conductance of 
honeycomb is an advantage of this type of panel construc- 
tion. The flat curves in Fig. 21 show that additional core 
depth and additional insulation can be obtained for little ad- 
ditional weight. 

The weight breakdown shown in Table 4 illustrates the 
supporting structure weights, cover weights, and the weight 
of insulation for the sum of the left and right wing panels. 
The futu.re potential of beryllium is well illustrated by these 
results, This was the lightest wing in spite of the very low 
compression yield allowable stress of 46,500 psi. The effi- 


Table 4 - Wing Weight Breakdown 


Integrally Stiffened Skin 


Wing PH-7 MO All Beta 
Sandwich AM-355 Titanium Beryllium 

Spars WiscoW jamie 2422 1822 
Insulation 

plus 

retainer 0 1800 1800 1800 
Top & bottom 

wing covers 9465 12712 10142 6421 
Total Wing 

weight 10965 17270 14364 10043 


i 


Ny 


ciency of honeycomb sandwich construction is also well il- 
lustrated by the fact that it is only 10% above the beryllium wing 
weight, while the AM-355 stiffened skin wing is about 70% 
greater, Comparison of the titanium stiffened plate with the 
steel stiffened plate indicates that an all-beta titanium sand- 
wich wing would probably be lighter than the PH15- 7Mo wing. 
Advancement of the state-of-the-art of brazing high-strength 
titanium alloys is indicated, 


Appendix | — Symbols 


a - Width or length of loaded or unloaded edge of panel 
(in.) 

b - Width or length of loaded edge of panel (in.) 

bs - Spacing of skew ribs (in.) 

by - Rib height (in.) 

c - Depth of core or subscript denoting core (in.) 

d - Total panel thickness (in. ) 

DK - Twisting stiffness relative to x and y directions 

D1 and Dg - Bending stiffness in x and y directions, 

respectively 

E - Facing sheet modulus of elasticity in compression 

Ej - Extensional stiffness = E (d-c) 

Er - Reduced modulus of faces (psi) 

Es - Secant modulus from compression stress-strain curve 
(psi) 

Ey - Tangent modulus of faces (psi) from compression 
stress-strain curve 

f= Subscript denoting facing sheet 


f, - Calculated shear stress (psi) 

f,, - Calculated stress in x direction (psi) 

fy - Calculated stress in y direction (psi) 

fy - Applied local compressive stress (psi) 

ve Applied local compressive stress (psi) 

f'xy - Applied local shear stress (psi) 

Feoy Fer - Foo; > Compression panel buckling stress 

Fscy ~ Critical buckling stress for shear (psi) 

Foj - Compression intracell buckling stress in faces of 
honeycomb panel (psi) 

Fcow - Compression panel wrinkling stress in faces of 
honeycomb panel (psi) 

Fcy - Compression yield stress (psi) 

Gf - Shear modulus of facing sheet (psi) 

Gx - Shear stiffness of plate in xy plane 

G'. - Core shear modulus (psi) 

H - Overall height of skin plus ribs 

J - A parameter representing the ratio of shear to flexural 

stiffness 
K, Ks, Kx, Ky, Km - Panel buckling coefficients, 
constant 
Kivy, Kix = Coefficients in local plate buckling equation 
for compression 

Kmx» Mmy ~ Pressure bending moment coefficients 

m - Number oft buckled halt waves in x direction 

m= m2 + (n')2 
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Mix: Miy - Bending moment per inch in the x and y 

directions 

MS - Margin of safety 

n - Number of buckled half waves in Y direction 

n' =n (a/b) 

Nx, Ny, Nxy - Load per in. (lb per in.) 

P - Axial load (1b) 

tp ~ Ratio of b dimension of stiffener and skin (th = w/bs) 

rt - Ratio of t dimension of stiffener and skin (rt = tw/ts) 

Iw - Skew rib fillet radius (in.) ; 

rj - Cutting head radius (in.) 

Rc - Compression stress ratio fo/Fo 

Rg - Shear stress ratio fs/Fs 

ta - Effective in-plane load-carrying thickness (in.) 

ts, tf - Single spacing sheet thickness (in. ) 

tw - Rib thickness 

T- Effective thickness of stiffened plate (in.) 

" - (Prime) refers to in-plane loads on 45 deg plane on 
integrally stiffened skin - primes are defined individ- 
ually tor honeycomb panels 

€ - Compressive strain 

n - Plasticity coefficient 

y - Shear strain, fy/fy, or Ny/Nx 

His Licayiteye) ly? 

o - Compressive stress 

F - Shear stress 

Ki five 
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The NSU-Wankel 


Rotating Combustion Engine 


THE PRINCIPLE of the engine is based on certain geometri- 
cal relations between trochoidal curves and corresponding en- 
velope configurations. The curves themselves were known 
to the ancient Greeks. 

Rotary mechanisms using trochoidal rotors or housings have 
been suggested during the last decade of the 19th century. 
Probably none of these engines was ever built or tested. Most 
of the combinations consisting of a trochoidal body and a 
secondary body, shaped according to the envelope, are not 
very useful for application in a compressor or a combustion 
engine. The most efficient configuration was found by Mr. 
Wankel in 1954, comprising an outer body with an inner 
contour of a two-lobed epitrochoid cooperating with an in- 
ner body, the circumference of which is shaped according to 
the corresponding inner envelope. This combination con- 
tains three working chambers which vary their size according 
to a sinus function. Depending on the shape of the trochoid, 
which may be outwardly bent all over or may show two 
waisted sections, the ratio of maximum to minimum volume 
is designated. 

During the development of the engine, it proved favor- 
able to have the outer body stationary, and make the inner 
body perform a planetary rotary movement. This arrange- 
ment is generally called KKM (Kreiskolbenmaschine), and 
permits the location of the intake and exhaust ports, as well 
as the spark plug, in a stationary member of the engine. The 
relative rotation of the inner body without its housing will 
be easily understood by demonstration in pictures. 

The major phases are shown in Fig. 1, which has been 
published frequently and may be considered to be generally 
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Fig.1—Gas change of NSU-Wankel engine using peripheral 
ports 
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known. The process of the 4-cycle operation is described 
on Fig. 1, so that no additional explanation seems to benec- 
essary. Compared to the innumerable suggestions about ro- 
tary combustion engines which will be found in literature, 
the NSU Wankel design shows three basic features which are 
necessary to provide an adequate function: 

1. Low sliding velocities of the sealing elements against 
the surrounding housing. even at high rpm's. 

2. Continuous metal-to-metal contact between sealing 
elements and housing. ; 

3. The body which is carrying the sealing component 
must be shaped to permit cooling jackets close to the seal 
groovings. 

All these suppositions are fulfilled with the Wankel layout. 

The first KKM, working as a combustion engine, was run 
on the test stand at Neckarsulm in July, 1958. Starting in 
October, 1958, the Curtiss Wright Corp. entered a license 
agreement, and since that time has been executing research 
development. Although there is only a limited capacity for 
this basic novel development, the present status appears to 
be very promising. All experience up to now was gained 
with the two-lobed epitrochoid, whereas the three-lobed en- 
gine is still in the designing stage. For certain applications, 
a three-lobed type may prove superior. 

The shape of the trochoid may be defined by the ratio of 
the major axis to the minor axis, or by the ratio of the gen- 
erating radius to the eccentricity, or by the maximal lean- 
ing angle between the apex of the inner rotor with regard to 
the normal on the trochoid. Only a narrow range has been 
examined up to now. 

In all cases, the engines were run on gasoline and com- 
bustion was initiated by spark plugs. The possibility of ap- 
plying the diesel process is still in the planing stage; how- 
ever, it appears to be promising. 

The first publication of the experiments was made in Jan- 
uary, 1960, when a full-day symposium was held at Mun- 
ich, Germany. The first technical paper was printed by the 
MTZ (Motortechnische Zeirschrift) in February, 1960. These 
publications, as well as a large number of semitechnical ar- 
ticles in various journals, started a serious discussion about 
the value and the possibilities of the NSU-Wankel design. 
Some of the comments given by technical authorities were 
truly enthusiastic; other were very skeptical and negative. 
The main arguments against the rotary combustion engine 
will be dealt with in the following section. 


Comparison between Rotary Combustion 
and Reciprocating Engine 


An important difference between the two types is obvious- 
ly the shape of the combustion chamber in all phases from 
top dead center to bottom dead center. For the process of 
combustion, it is important that in the rotating combustion 
engine the volume, which includes the burning gas, is travel- 
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ing while the combustion process takes place. 

Generally, the rotating combustion engine must be con- 
sidered as a true positive displacement engine, the working 
chamber of which includes a precisely defined size with a 
defined compression or expansion ratio. The compression 
and expansion takes place within closed and sealed volumes. 
The swept volume of each working chamber is defined by 
the difference between minimum and maximum volume. 

Compression Limits - The compression ratio is limited 
by the shape of the trochoid, as demonstrated by Fig. 2. The 
maximum compression ratio will be obtained if the outer 
walls of the rotor are shaped exactly according to the inner 
envelope. Fig. 2 compares three trochoidal shapes with 
maximal leaning angles of 15, 25, and 50 deg. The first 
combination shows an epitrochoid which is oval shaped and 
outwardly bent all over its circumference. The second ex- 
ample demonstrates a slightly waisted curve, whereas the 
third comprises an almost sharp-edged, waisted portion. All 
three engines contain the same chamber volume, and _ by 
comparison it is obvious that a waisted trochoid permits 
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Fig. 2 — 2-lobe epitrochoid with inner envelope effect of tro- 
choid-shape on overall dimension of engines comprising iden- 
tical swept volume 


NSU-WANKEL ROTATING COMBUSTION ENGINE 


smaller total dimensions, whereby the maximal possible 
compression ratio is superior for the oval-shaped layout. 

These relations are shown in more detail in Fig. 3, which 
compares the swept volume and the possible compression ra- 
tio for different trochoidal shapes characterized by the max- 
imal leaning angle. Besides the values for the ideal com- 
pression ratios, two more curves are drawn, indicating the 
compression ratio with various sizes of recess in the flanks 
of the rotor which represent the combustion chamber. If the 
engine is designed for a diesel process, the useful range for 
the leaning angle will be between 15 and 20 deg, whereby 
the volume of the recess should be approximately one-half 
of the minimum of the working chamber. Engines working 
on the otto principle may use leaning angles between 20 and 
30 deg. They will contain a recess in the rotor flanks of a- 
bout the same size as a minimum chamber volume. The 
comparison is based on engines with the same length of the 
major axes of the trochoid. 


Tightness of Sealing System - Almost every comment and 
criticism emphasizes the fact that, different from the piston 


ring arrangement in reciprocating engines, the rotating com- 
bustion engine has only one sealing line of contact. There- 
fore, it can never reach the same tightness as a piston in- 
side a round cylinder bore. However, it must be considered 
that each piston ring requires a gap, which is necessary be- 
cause of different temperature expansion of piston and cyl- 
inder. The sealing system of the rotating combustion engine 
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Fig. 3 —2-lobe epitrochoid relation between maximum leaning 
angle and swept surface area, respectively. Maximal compres- 
sion ratio based on an engine size of 100 mm for major axis 
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has no gap, except the required clearance within the fit of 
all components. 

The major difference between the two systems is that a 
worn piston ring inside a worn cylinder has an enlarged gap, 
whereas, regardless of wear, the continuous sealing line of 
contact along the periphery of the rotor stays tight. Actu- 
ally, the leakage of a reciprocating piston engine is notcrit- 
ical considering the loss of gas and loss of power, which a- 
mounts to 0.5% or less of the combustion air. It is necessary 
to use several piston rings because underneath the gapof ring 
No. 1 a considerable overheating of the piston surface oc- 
curs. A critical zone like this does not exist in the sealing 
configuration of the rotating combustion engine. The ele- 
ments of the sealing system, which are shown in the explod- 
ed layout in Fig. 4, comprise a radially movable apex seal 
blade, which is located in a radial groove in the center plane 
through the apex. Close to both side walls, the radial inner 
portion is guided in axially movable interconnecting bolts. 
The side sealing strips extending from apex to apex are in 
overlapping engagement with these bolts. All parts are pre- 
loaded toward the surrounding walls of the housing by wave 
springs. The main sealing force is produced by the gas pres- 
sure itself and, therefore, is variable during the relative 
movement of the rotor. The end face sealing elements are 
in contact with the side wall of the housing on a plane sur- 
face area, whereas the apex seals possess only a sealing line 
of contact. Fortunately, the wear along this sealing line is 
extremely small, due to the fact that the leaning angle be- 
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Fig. 4 — Components of seal arrangement 
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Fig. 5 — Length of sealing line for square reciprocating engine 
15.3 cu in. compared to KKM 250 with various leaning angles 
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Fig. 6 — Comparison of surface area in tdc between square 
reciprocating engine to KKM 250 with various leaning angles 
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tween the plane of the apex seal and the surrounding wall 
is varying during relative motion of the rotor. By the swing - 
ing movement of the apex seal, the line of contact travels 
around the top of the seal and the metallic contact is to a 
certain extent reduced by wedge effect of lubricant and gas. 

Length of Sealing Line - Another comment which is very 
frequently presented, refers to the total length of the sealing 
line. Fig. 5 shows a comparison of the sealing length of a 
reciprocating engine with a swept volume of 15.3 cu in. and 
a rotating combustion engine with the same displacement. 
The diagram depicts that with larger leaning angles - that 
is, with more waisted shapes of the trochoid - the sealing 
length is reduced. Applying a leaning angle of 30 deg, the 
difference in length of sealing contact of a rotary engine as 
compared to a recipricating engine is only 65%. If the 
sealing line around the valve seats of a 4-stroke engine is 
added to the sealing line along the periphery of the piston, 
the comparison becomes favorable even for the rotating com- 
bustion engine. 

Surface-Volume Ratio - Another difference in the recip- 
rocating engine is to be found in the surface area of the com- 
bustion chamber in the position of top dead center. During 
this phase, the high temperature causes heat losses to the 
cylinder walls and the cooling medium. It may be expected 
that the larger surface area of the rotating combustion engine 
is a reason for heavy losses. The heat distribution will be 
considered later, in connection with the test stand results. 
The actual comparison of surface area is demonstrated in 
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Fig, 7 — Surface per volume ratio for square reciprocating 
engine and KKM with different leaning angle for various cham- 
ber displacement 
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Fig. 6. Once more, engines are compared with a swept vol- 
ume of 15.3 cu in. With trochoids of stronger waisted shapes, 
the difference in surface area gets down to 20-30%. 

For the heat losses, it is important to consider the ratio 
of surface areatothe displacement of the working chamber, 
This is shown in Fig. 7. This ratio becomes more favorable 
with larger swept volumes of the unit. A reciprocating en- 
gine with a cylinder volume of 18 cu in. - which is a fre- 
quent size in European automobile engines - shows a surface- 
to-volume ratio of 0.42. The same ratio can be obtained 
in a rotating combustion engine with 30 deg leaning angle 
by enlarging the chamber volume to 36 cu in. This enlarge- 
ment is not critical, because no inertia forces are limiting 
the engine size. 


Sliding Velocities - A further subject of criticism is a 
high sliding velocity of the apex seals along the trochoidal 
surface, which is considered to be far higher than on com- 
parable reciprocating engines. 

Fig. 8 shows the actual data, comparing again a 15.3- 
cu-in. reciprocating and rotating engine size. As demon- 
strated by the polar diagram around the trochoid, the sliding 
velocity at 5000 rpm stays between 29-67 fps, whereas the 
piston speed in the reciprocating engine varies between 0-57 
fps. The leaning angle in this case is 23 deg, which is ac- 
tually embodied in the test engine KKM 250. The graph 
shows that the maximum sealing velocity of the apex seals 
is only 16% higher than on the reciprocating counterpart. 


Fig. 8 — KKM 250 — sliding velocities comparing rotating com- 
bustion engine and reciprocating engine displacement, 15.2 
cu in., 5000 rpm 
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Technical Data on KKM 250 


Description of Layout - The general layout of this engine 
is shown in Figs. 9 and 10. The engine was designed merely 
for test stand operation. For this reason, roller and needle 
bearings were used to reduce the risk of seizing to a mini- 
mum. For this engine, the leaning angle was chosen com- 
paratively small, with consequent comparatively high theo- 
retical compression ratio, so that the location and shape of 
the recesses can be varied widely, whereas no attention was 
paid to minimum weight. 

The peripheral wall, as well as both end walls of the hous- 
ings, include water jackets for the cooling liquid. The rotor 
itself is oil cooled. The oil is fed through the hollow shaft 
and emerges through radial holes in the center plane of the 
eccentric. After passing the needle bearing which supports 
the rotor, it flows into the hollow interior of the rotor and 
pumped out by means of a stationary scoop. 

Arrangement of the intake port in the peripheral as well 
as in the end wall was tested. Generally, a peripheral in- 
take resulted in higher volumetric efficiencies, whereas the 
side intake helped to reduce the fuel consumption. The ex- 
haust port was in all cases arrenged in the periphery of the 
center housing with a generally radial direction. 

The cooling water flow was kept to approximately 10 gpm, 
whereas an oil flow of1 gpm proved to be sufficient for lub- 
rication, as well as for cooling. 

The sealing system was modified during the text stand ex- 
periments and composed, as already demonstrated by Fig. 4, 


S 


% 
Z 


Se 


Z 
Z 
GY 


Fig. 9 — KKM 250 — cross section taken in center plane 
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Fig. 10 — KKM 250 — longitudinal section : Z o RPM 


Fig. 12 — KKM 250/1 — test stand performance without muf- 


fler 
oil scraper 


ring which configuration proved best up to now. The oil scraper 
tings, which are located in both end faces of the rotor, have 
a loose fit in the corresponding recesses. The tightness be- 
tween the rotor and the oilring is obtained by plastic 0-rings. 
The oil-retaining method proved so tight that even on 100- 
hr endurance tests no measurable oil consumption from the 
sump could be observed. 

The complete rotor, as shown in Fig. 11, demonstrates 
very clearly that only the sealing line of contact is in metal- 
to-metal touch with the surrounding housing. The photo was 
taken immediately after a 100-hr test without any cleaning. 
The intermediate space between the gas seals and the oil 
seal is covered by a gummy deposit which can easily be wip- 
ed off. 

Various materials were tested for the major components 
of this engine. Nodular cast iron proved satisfactory for the 
rotor, whereas the housing was cast in aluminum 12% silicon, 
aluminum 18% silicon, cast iron with different quantities of 


phosphorus, nodular cast iron, and steel. The surface of the 


housing comprised a molybdenum spray coating on the plane 


0- 00013" WEAR 00016 ~0,0032" WEAR surfaces of the end walls of the housing, which coating was 


used on cast iron as well as on aluminum parts. The tro- 
Fig. 11 — Photo of rotor KKM 250 taken after 100 hr endurance choidal surface was soft nitraded, hard nitrated, or chrom- 
run 


ium plated. Recent tests with molybdenum or steel spray 
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—e BMEP[Ibs/sg in] 


coated peripheral housing walls are still on the endurance 
tests. 

The spark plug is normally mounted in the peripheral wall 
in its center plane. To reduce gas bypass from one chamber 
to the other when the apex seal is sliding over the spark-plug 
hole, the plug itself is inserted in a prechamber, and the 
only connection to the combustion chamber is through a 
flame hole of 3-mm diameter. Various locations of the 
spark plug have been examined. It proved that on rotors 
with a high compression ratio a spark plug in the leading part 
of the combustion chamber is favorable, whereas medium 
and low compression ratios require a trailing location of the 
plug. On test engines with high bmep, the use of extremely 
cold plugs is necessary. At present, the lifetime of a spark 
plug is between 50-70 hr at full throttle. 

Performance on Test Stand - The performance data of the 
KKM 250 are depicted by diagrams. Fig. 12 gives the out- 
put, volumetric efficiency, and bsfc versus rpm. From the 
rays it becomes visible that mep's up to 150 psi were obtain- 
ed. The volumetric efficiency is extremely high, peaking 
at 120%, due to ram effect and assisted by the straight in- 
take which goes from a downstream carburetor right into the 


growing working chamber. 

The bsfe is not yet as low as expected. 
compression ratio, shape and location of combustion cham- 
ber, spark-plug arrangements, and type of fuel are neces- 
sary to find the combination which gives a minimum fuel 


Variations of 


consumption. 

The character of the bmep versus rpm of the engine can 
be affected by different sizes of the intake port. Fig. 13 
gives an example of this relationship. Application of asmall 
round intake port with 22-mm diameter results in high bmep 
in the lower speed range and a steady drop above 5500rpm. 
A large intake port of rectangular shape changes the maxi- 
mum of the bmep to a higher speed range and brings up high 
power at top speed. 

The performance at partial load is shown in Fig. 14. The 
test was taken at a constant speed of 5500rpm, reducing the 


Fig. 13— KKM 250/5 — BMEP versus rpm 
peripheral intake port of various size, 1=22mm 
diameter, 2=18x27mm rectangular 
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Fig.14— KKM 250/5 — BSFC at part load, constant speed, 
n-5500 rpm, peripheral intake 22mm diameter 


bmep from 150 to 10 psi. For a surprisingly wide range, the 
fuel consumption stays almost constant, which is unusual for 
a 4-stroke engine. Apparently, up to a bmep of 80, com- 
bustion and sealing is perfect; whereas, at high lead, either 
a leakage or a slow combustion takes place, which may be 
responsible for a comparatively high fuel consumption. These 
relations are presently examined in detail, using indicator 
cards and ionization pickups, to obtain some closer informa - 
tion about the progress of combustion inside the working 
chamber. 

As an example of pressure conditions in the rotating com- 
bustion engine, four indicator diagrams are shown in Fig. 15. 
This research program was carried out at "Institut fur Motor- 
enbau Dr. Huber"in Munich. These cards were taken at dif- 
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Fig. 15 KKM 250/5 — logarithmic evaluation of indicator cards taken at full load and different rpm 


ferent speeds at full throttle. The plotting in a logarithmet- 
ical scale depicts that the compression line approaches the 
theoretical slope of 1.4 at high rpm. At low speed, leakage 
from the leading working chamber causes a steep slope dur- 
ing the first part of the compression line, whereas leakage 
to the following working chamber becomes visible as a re- 
duced inclination of the pressure rise occurs toward the end 
of the compression process. 


The pressure rise during combustion is optimal at about 
4000 rpm, whereas, at high speed, the combustion is ob- 
viously slow, so that the final slope of 1.3 is never reached. 
These four diagrams, which were taken at a comparatively 
low-power engine, demonstrate that for economic operation 
the speed limits are set by leakage at the low side and by 
slow combustion at the high side of the speed range, 

Considering the effect of fuel air ratio on power and fuel 
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Fig. 16 — KKM 250/5 — BMEP and BSFC versus fuel air ratio 


consumption, details may be taken from Fig. 16. The en- 
gine may be leaned out approximately the same way as a 
reciprocating type. The maximum of bmep is a few percent 
on the rich side, whereas the best fuel consumption will be 
noticed at a fuel/air ratio of 0.069, which is on the lean 
side(for German commercial fuels). 

The diagram in Fig. 17 depicts the relationship between 
bmep and fuel consumption versus the ignition time. The 
angle of ignition must be considered different from a recip- 
rocating type of engine, because of the fact that intake, 
compression, expansion, and exhaust stroke each extend over 
270 deg of shaft angle. This means that the time expiring 
between ignition and top dead center is 1.5 of the time in 
a reciprocating engine which has the same preignition. For 
this reason, two scales are shown in the horizontal line of 
the diagram. One shows the actual ignition time as defined 
by the position of the eccentric shaft, the second scale shows 
the angle of a comparable reciprocating engine. 

It will be noted that the spark advance is comparatively 
short, considering the speed of 5500rpm, at which the best 
results are obtained between 10 and 15 deg spark advance. 
The graph shows a minute influence of timing, which may 
be explained, again, by slow combustion. 

Until now, no defined procedure for break-in of the en- 
gine has been established. Generally, the test engines are 
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Fig. 17 — KKM 250/2 — effect of ignition timing on BMEP and 
BSFC, constant speed = 5500 rpm 
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Fig. 18 —KKM 250/11 — typical break-in process during first 
10 hr full-throttle 5500 rpm 


assembled, mounted on the test stand, and, after a few min- 
utes of warmup run, operated at full throttle. Actually, a 
break in period is favorable, as demonstrated by Fig. 18. 
During a 10 hr test with a green engine, a steady increase of 
bmep and a slow descent of fuel consumption can be noted. 

For the function of the engine, it is of vital importance 
to keep the temperature of the center housing in adequate 
limits. Fig. 19 is a plotting of the temperatures along the 
periphery of the trochoidal housing. Using cast iron or al- 
uminum for this part has a serious effect on the maximum 
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Fig. 19 — KKM 250 — temperature distribution along periphery 
of housing, taken in center plane 1mm from surface 
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Fig. 20 — KKM 250/7 — exhaust temperature at full-throttle 
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Fig. 21— KKM 250/7 — heat distribution, full-throttle 


temperature. The distribution of temperature is very simi- 
lar in both cases. The maximum was found in a location 
in which top pressure and temperature of combustion are pres- 
ent. Maximal temperatures of less than 400 F, which were 
measured in the aluminum housing, are low enough to se- 
cure the stability of lubrication. High temperatures in the 
cast iron housing were found in one of the first experimental 
parts. By improved cooling arrangements, they could be 
reduced to well below 500 F, 

Temperatures of the exhaust gas versus rpm at full throttle 
are shown in Fig. 20. Compared to reciprocating engines 
with similar mean effective pressures, the exhaust tempera - 
tures are on the high side. This, again, indicates a slow 
combustion, especially at high rpm. For instance, at a 
speed of 7000 rpm, gas temperatures of 1600 Fwere found. 
On the other hand, the heat transfer to the cooling water is 
considerably reduced at high rpm's. Details of this relation- 
ship are plotted in Fig. 21. The heat transfer to water and 
oil are compared to the heat value of the engine output. Rat- 
ing the engine output as 100%, it will be seen that, at 2500 
rpm, the heat transfer to the water is the same as the heat 
value of the power, whereas, at 7000 rpm, only 62% of this 
amount is transferred to the cooling water. The oil takes 
between 25-30% of the effective power. Part of this may 
be additional energy wasted inside the rotor for shaking the 
enclosed liquid. 
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Fig. 23 — KKM 250/8 performance data, test of 5 different cen- 
ter housings with same rotor 
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endurance test, 5500 rpm full-throttle 


The tolerance for the accuracy of the housing and for the 
fit of each sealing component inside the rotor are not yet 
clarified. Extended series of test stand runs will be neces- 
sary to find out these data. Apparently, the requirements 
are not extremely high, as demonstrated by Figs. 22 and 23. 
Fig. 22 shows the performance data of one engine, whereby 
five different rotors were mounted. The effect of this inter- 
change on bmep, volumetric efficiency, and specific fuel 
consumption is less then 5%, which seems to be tolerable. 
Similar conclusions may be drawn from the Fig. 23, in which 
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the results are plotted for five different center housings 
mounted in the same engine. Again, the differences are 
minute and the performance stays identical in a very narrow 
range. 

Durability - The durability of the NSU Wankel engine is 
feature which has been questioned very often by critical ob- 
servers. During the first year of development, performance 
was the most important point and effort was concentrated to- 
ward this target. A couple of 100-hr test runs with full throt- 
tle were considered to be sufficient to prove the possibility 
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Fig.25 KKM 250/6 — loss of power during an endurance 
run, no parts exchanges, constant speed = 5000 rpm, constant 
load = 102 Ib/sq in. 


of attaining adequate lifetime. 

One of these tests, which was carried out more than a 
year ago, is depicted in Fig. 24. This comprised an alumi- 
num housing with a chrome-plated surface. Even during the 
last period of this endurance run, the output and specific fuel 
consumption were still improving. The only interruption that 
happened during these tests was an occasional change of spark 
plug. For the future, it may be necessary to develop spe- 
cial plugs which are extremely cold, or to change over to 
a different ignition system, such as condensor-discharge or 
low-voltage ignition. 

The necessity of comparing the qualification of different 
material for the trochoidal housing, as well as for the apex 
seals, required longer endurance tests. An example is given 
in Fig. 25. This test was done with a KKM 250, running at 
75-80% of its maximal bmep. The speed was kept constant 
at 5000 rpm. The operation at constant speed is known to 
be very hard for the lifetime of the engine, because of the 
constant frequency of seal oscillations which have a tendency 
to generate chatter marks. Other engines, which have been 
running in test cars, never showed distinct chatter marks, 
as they are operated all over the speed and load range. 

As demonstrated by the diagram, the output gradually 
went down; this was determined by full-throttle tests taken 
in intervals of 100 hr. After completion of 300 hr total, new 
apex seals were mounted, ofthe original dimensions and the 
same material. Thereplacement ofthese apex seals brought 
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Fig.26 — KKM 250/6 — wear of seal components during en- 
durance run, constant speed — 5000 rpm, constant load = 
102 Ib/sq in. 
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Fig.27 —KKM 250 — maximal lifetime of major components, 
deadline October 29, 1960 


back original bmep within 1%. After ashort test, the worn-out 
seals were reinstalled and the endurance test is still go- 
ing on. (It was terminated by break of two apex seals after 
950 hr total. ) 

The wear of all sealing components is shown in Fig. 26. 
The wear in radial direction of the apex blade is not critical, 
considering the total dimension in this direction which would 
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Fig. 28 — KKM 400 — view from flywheel side (housing, partly 


cut away) 


Fig. 30 — KKM 400 
connected to gearbox 
(Volks Wagen type) for 
application as automobile 
engine 


permit far more wear without effect on the sealing qualities. 
What actually causes the drop in power is the wear at the 
end faces of the apex blade, which is more severe at the 
outer radial part, so that the seal changes from a rectangu- 
lar shape to a trapezoid shape. This effect easily can be 
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Fig. 29 — KKM 400/1 — test stand performance without muffler 


avoided by a different design of the apex seals. 
The wear of end face seals and interconnection bolts is 


minute; the same applies to wear of the oil scraper rings. 
The maximal lifetime of all major parts of the engine, as 
tested by now is plotted in Fig. 27. These data are prelim- 
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Fig. 31 — Installation of KKM 400 in 
engine compartment of NSU- 
Sportprinz 
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Fig. 32 — Road test mileage (preliminary 15 
results) average results on level road 20 30 
both directions 


inary, as the endurance tests are still going on. Approach- 
ing a lifetime of 1000 hr for most of the involved items ap- 


pears to be promising enough, especially as the best mate- 
rial combinations have not yet been examined over longer 
periods. 


Layout, Performance and 
Application of KKM 400 


The experience which was gained during the first year of 
experimental work on the KKM 250 was embodied in the lay- 
out of the KKM 400, which has a swept volume of 400-ccm 
per working chamber (equivalent to 24.4 cuin.) This en- 
gine was already designed for a possible installation as auto- 
mobile prime mover. A photo with partly cut-away hous- 
ings is shown in Fig. 28. The leaning angle of the trochio- 
dal combination was chosen 28 deg, thus reducing the over- 
all shape considerably. The total weight of the engine it- 
self, without accessory and comprising an aluminum rotor 
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and all alluminum housings, is 48 lb. Cooling system and 
lubrication arrangements are similar to the KKM 250, and 
do not require any specific description. 


The performance, as plotted in Fig. 29, reveals a maxi- 
mum of 140 psi at a speed of 4500 rpm. The top speed 
shown in this diagram is 6000 rpm, at which almost 50 hp 
were drawn from the engine shaft. The volumetric effici- 
ency is again above 100% within the range of 4000-6000 rpm. 
The specific fuel consumption approaches the 0.5 line at 
high speed, whereas the lean engine (not shown in this dia- 
gram) still permits more economic consumption data. 


The KKM 400 was combined with a 4-speed transmission 
of the Volkswagon type, which includes the differential. The 
complete power unit is shown in Fig. 30. It is obvious that 
the engine itself becomes an extremely small part of the 
whole powerplant. A photo of the installation in the NSU 
Sport-Prinz car is an impressive demonstration of the reduc- 
tion of volume, compared to a reciprocating engine of asim- 
ilar power rate. (See Fig. 31.) 


NSU-WANKEL ROTATING COMBUSTION ENGINE 


The road testing of these cars was not carried out with 
high priority, so that up to now three test units have covered 
no more than approximately 30,000 miles. The starting re- 
quires a speed of about 300 rpm's, the idling speed can be 
set at 800 rpm, pickup and acceleration are excellent. The 
maximum speed of this car is close to 95 mph. 

The fuel consumption is well below the results of com- 
parable reciprocating units. Fig. 32 depicts the mpg for the 
examined speed range, whereby a KKM 250 in a standard 
body of the NSU Prinz is compared to a KKM 400 inthe same 
vehicle and a KKM 400 installed in the Sport-Prinz version. 


Conclusion 


It was the purpose of this paper to submit a brief survey 
of the present status of development of the NSU Wankel en- 
gine. In criticizing the results, it must be considered that 
the basis of experience is far too narrow to obtain any opti- 
mal solution. Although the engine comprises only a small 
amount of major components, it permits a multitude of vari- 
ations and combinations, which require a very careful and 
thorough research program. 

The few types of experimental engines that have been 
built and tested up to now do prove, that for certain esti- 
mated configurations, results have been obtained which are 
not too far from performance and endurance data as realized 
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in highly developed modern reciprocating engines. These 
estimates, for instance, refer to: chamber size, trochoidal 
contour, chamber width, port size, intake and exhaust tim- 
ing, shape and location of combustion chamber, location 
of spark plug, compression ratio, dimensions of sealing ele- 
ments, fit of sealing elements, type of fuel and lubricant, 
and so on. 

On the other hand, it is evident that this rotating com- 
bustion engine is free of vibrations, requires a fraction of 
overall volume, permits extremely light weight per hp, and 
contains a minimum of components. None of the engine 
parts requires exotic material or high machining precision, 
leaving no question that production cost can be cut down to 
a fraction of reciprocating 4-stroke engines of the same out- 
put. 

It can not be foreseen which size or application of the 
rotating combustion engine will be the first for production. 
It appears doubtful whether possibility of operating at high 
rpm will be utilized soon or the speed range would be reduc - 
ed to accommodate the requirements of the accessories. Ap- 
plying of the diesel combustion is still in the design status 
and on aircooling the first experience is just being collected. 
The only fact which has to be emphasized is that during the 
past years of development nothing showed up that indicated 
a barrier which could not be overcome. It appears to be only 
a problem of research effort to designate the time at which 
this type of engine will be ready for production. 


Discussion of this paper will be found on page 200, 


Curtiss-Wright’s Developments 


on Rotating Combustion Engines 


ALTHOUGH Curtiss- Wright's agreement with NSU and Wan- 
kel covers the full scope of sizes and configurations of rota- 
ting combustion engines, we concentrated our development 
efforts from the beginning on the single rotor KKM type with 
a stationary rotor housing and a 3-cornered rotor rotating at 
1/3 crankshaft speed. 

Our first experimental engine, known as the RC6, has a 
displacement of 60 cu in., which means eight times more 
than NSU's engine KKM 125 which was in its initial test 
phase at the time we started designing our engine. Its gen- 
eral arrangement is illustrated in Figs. 1A and 1B. 

In order to arrive at the optimum design of the power sec- 
tion, we investigated the effects of various geometric vari- 
ables such as the K factor K = R/e which represents the ratio 
of the generating radius R of the trochoid to its eccentricity 
e, the ratio of the axial width of the chamber a and its 
breadth b at its maximum volume, and different porting con- 
figurations. The effects of the K factor on the displacement 
of the engine, the areas and timing for side ports, the over- 
lap, and the combustion chamber shape are rather complex 
and cannot be expressed in simple formulas mainly due to 
design considerations, such as the accommodation of gas and 
oil seals, The general relationships have been amply de- 
scribed (1-5), * and our own conclusions led to the selection 
of a single K factor for an experimental gasoline engine which 


*Numbers in parentheses refer to the References at the end 
of the paper. 
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allowed us to accommodate for the air intake a single side 
port, dual side ports, and peripheral ports within one engine 
size, with a minimum modification to the important com- 
ponents. A specific design for either a dual side port or a 
peripheral port would have permitted a greater axial length 
of the engine, with a resulting reduction of R and the "di- 
ameter, " and an increase of its speed for the same apex ve- 
locity, but other considerations, such as mechanical loads 
and shaft deflections, made it advisable to postpone these 
investigations until we had a better understanding of the basic 
engine, 

A diesel version will necessitate a higher K factor in order 
to attain a higher compression ratio, 


Experimental Engine RC6 


The mechanical design of the experimental engines is 
conservative without special efforts toward a low weight (6, 
7). The crankshaft runs in two main sleeve bearings adja- 
cent to the eccentric, and in two more bearings outside the 
balance weights, The flywheel is separately mounted and 
easily changed for the investigation of its effect on the en- 
gine operation and torsional vibration characteristics. The 
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Fig. 1 — Experimental engine — (A) longitudinal, (B) cross section 
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structure of the engine housings employs double walls inter- 
connected by ribs, The outer relatively thick walls stay at 
low and uniform temperatures and maintain the shape of the 
inner walls which are thin, and thus reduce the temperature 
rise between the coolant side and combustion gas side. The 
heat transfer rate varies along the rotor housing perimeter to 
a considerable extent since any particular location is not ex- 
posed to the complete gas cycle but only to a portion of it. 
The combustion zone reaches a considerably higher average 
gas temperature and heat input. To match this distribution, 
the cooling was designed as a multi-pass forced-flow system 
where the coolant flows back and forth through the rotor 
housing and between the side housings, and the heat trans- 
fer parameters of the coolant passages are adjusted accord- 
ingly. These passages are easy to manufacture, clog-free, 
and avoid vapor accumulation. 

The rotor and side housings are located by dowels and 
clamped together by numerous bolts which are spaced con- 
sistent with the gas loads and located within the cooling pas- 
sages and hollow dowels. 

The rotors were made from forged aluminum or cast nod- 
ular iron, The outer rotor walls are, unlike the rotor hous- 
ing, exposed to the complete cycle, and the heat input is 
thus more uniform. Various cooling arrangements have been 
developed, all based on using the lubricating oil as the cool- 
ant (7). 
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Typical performance figures achieved with the 60 cu in, 
size presented in Table I for the normally aspirated engine. 

Supercharging had essentially the same effect on output 
as experienced with reciprocating engines although extreme 
supercharging was not explored. 

The friction mean effective pressure at low speed is im- 
portant for the starter requirements, especially at low am- 
bient temperatures, and for the idling characteristics. Tests 
in this area have shown that the engine does not have a high 
breakaway torque such as reciprocating engines have. The 
highest torque occurs at a moderately low speed where the 
mechanical friction is low but apparently the work done dur- 
ing compression is not fully recovered by the expansion due 
to some deficiency of the gas sealing at these low speeds. 
This loss disappears at slightly higher speeds which give the 


Table I - RC6 Performance Data* 
(Side Intake Port) 


Power 100 hp at 5500 rpm 
BSFC at Best Power 0.54 1b/hp/hr 

Min BSFC 0.47 lb/hp/hr 

Max Volumentric Efficiency 89% 

Min BSAC 7,1 lb of air/hr/BHP 


*Status as of Oct. 1960. 
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1. Rotor 6. Intermediate housing 11. Ignition contact maker 
2. Stationary gear 7. Accessory housing 12. Oil pumps 

3. Rotor housing 8. Main bearing 13. Oil filter 

4, Side housing - drive side 9, Balance weight 14. Starter 

5. Side housing - anti-drive side 10, Flywheel cum balance weight 15. Generator 


16. Water pump 


Fig. 2 — Single and twin powerplants 


lowest friction mean effective pressure of the engine. At 
higher speeds, the expected rise occurs as a result of losses 
by mechanical and gas friction, oil churning, and heat dis- 
sipation, 

Starting of the engine, down to temperatures below 0 F, 
was consistently accomplished with speeds in the order of 
200 RPM. Recently, we have also started a small engine 
with a spring operated starting device and with a rope pulled 
by hand. The starting speed in itself does not appear to be 
the only factor for starting the engine. Various indicator dia- 
grams during the starting procedure have shown that a high 
acceleration results in firing in the first few cycles of the en- 
gine, 


Powerplants 


Based on the experimental engine, which had all acces- 
sories test stand driven, a single and twin powerplant were 
designed. The longitudinal sections and rear view are shown 
in Fig. 2, The front and rear section of the single and twin 
are essentially identical, the second power section of the 
twin is a mirror image of the single, but the rotor and rotor 
housing are identical. The shaft and bearing arrangement 
is very much simplified, the flywheel is combined with its 
adjacent balance weight; and the outboard bearings are elim- 


inated; either engine has only two main bearings. 

The arrangement, size and weight of the accessories do 
not permit obtaining the full benefit of the compactness of 
the power sections, and further efforts to "miniaturize" these 
appear to be worthwhile. 

The instantaneous rotor torque of a twin is very much bet- 
ter than that of a single as is shown in Fig. 3 which depicts 
the torques for a 450 hp engine laid out as a single, twin, 
and four rotor configuration with geometrically similar power 
sections and equal apex velocity, The twin eliminates the 
negative torque and its torque peak is considerably lower than 
that of the single. The four rotor engine gives a very small 
torque variation, The mean torque decreases for the twin 
and four due to their smaller trochoid sizes and correspond- 
ingly higher rated speeds by a factor of 42. 


FOUR ROTOR ENGINE 4RC6 


There a numerous possibilities for stacking power sections 
to a four rotor engine and after their careful evaluation, we 
selected a configuration, again based on the 60 cu in. com- 
ponents with the following ground rules: 

1, In-line arrangement of the major trochoid axes, that 
means, in-line of the intake and exhaust ports, and the spark 
plugs. 
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Fig. 4 — Four rotor engine 4RC6 — view of spark plug side 
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1. Rotor 6. Side housing - anti-drive side 11. Exhaust manifold 
2. Split stationary gear with main bearing 7. Intake port (dual intake) 12. Accessory gear box housing 
3. Rotor housing 8. Main bearing 13. Ignition contact makers 
4, Exhaust port 9, Flywheel cum balance weight 14. Oil pressure pumps 
5. Side housing - drive side 10. Intake manifold 15. Oil scavenge pump - front 


Fig. 5 — 4RC6 engine — cross 


16. Oil scavenge pump - rear 


and longitudinal sections 


2. An integral 1-piece crankshaft. 

3. Uninterrupted sealing faces of the side housings. 

4, Parallel flow of the coolant and lubricant through the 
four power sections, The parallel flows had,apart from their 
advantages design-wise, the plus factor that all analytical 
and test results from the single unit could be readily applied 
to the four unit engine. 


Fig. 4 pictures a side view of the engine which clearly 
illustrates some of these in-line features and the short length 
and low height for which this engine was designed, Fig. 5 
shows cross and longitudinal sections of the engine, The in- 
tegral crankshaft can be accommodated within the interme- 
diate side housings by splitting these in a plane perpendic- 
ular to the engine axis and by splitting the bearings and sta- 
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Fig. 6 — 4RC6 engine on test stand — carburetor side 


tionary gears in a plane including the axis as illustrated. As- 
sembly of the engine starts from the accessory gear box hous- 
ing on theeright to which the first main bearing with the in- 
serted crankshaft is attached. Rotor and rotor housing fol- 
low, the rotor being slipped over the eccentrics of the shaft, 
and the addition of the side housing makes the power section 
complete. Rotor and side housings are doweled and clamped 
together in the same way as on the engines above, Thesec- 
ond bearing and gear is assembled onto the shaft, bolted to- 
gether, and piloted in the side housing. The side housing of 
the second power section is then piloted and bolted to the 
adjacent housing and the same sequence as before applies for 
this and the following power sections. 

This crank arrangement provides for power cycles at 90 
deg intervals with the firing order of 1-4-2-3, but it leaves 
a small couple which has to be compensated by a balance 
weight at either end of the shaft. This penalty is, however, 
not serious since an additional torsional mass is probably de- 
sirable in any case and the in-line arrangement provides for 
simple and light intake and exhaust manifolds. cooling lines, 


and so forth, 
The crankshaft serves as the oil supply to the power sec- 


tions, The return oil is delivered to the oil cooler and oil 
tank by two scavenge pumps located at the lower front and 
rear end of the engine. 

The coolant is distributed by a tube along the housings, 
the exits are collected by the intake manifold which is thus 
heated for better fuel distribution at low ambient tempera- 
tures. In order to achieve a good air and fuel distribution, 
two carburetors and dual side ports were employed. 

This was the first multi-rotor engine designed and built 
anywhere and we were ready for some surprises, We got them 
but, fortunately, most of them were pleasant ones, Assem- 
bly of the engine did not pose any serious problem since all 
important components and their relative positions can be in- 
spected during the assembly procedures in the same manner 
as on the single unit engine. 
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Fig. 7 — 4RC6 engine on test stand—34 rear view carburetor side 


Table 2 - RC19 Preliminary Performance Data 


Power 782 BHP at 1525 rpm 
BMEP 106 psi 

Volumetric Efficiency 83% 

BSAC 7. 9 1b/hr/BHP 


Figs, 6 and 7 show the engine rigidly mounted on the test 
stand with the engine accessories and the conventional in- 
strumentation. 

Only a few minor usual mishaps interrupted the first test 
series of this engine. Although the flow and torque varia- 
tions, as shown before, are very small, observation of the 
smooth engine running confirmed this in an even more dra- 
matic manner than figures can, 

Fig. 8 depicts the full throttle performance of the first 
test engine, culminating in a maximum output of 425 hp at 
6500 rpm, and showing relatively flat torque and fuel con- 
sumption curves, 


Size Effects, RC19 


In order to investigate the size effect on various engine 
phenomena, the linear dimensions of the RC6 engine were 
literally blown up approximately three times to a 30 times 
bigger displacement of 1920 cu in., and such an engine, des- 
ignated RC19, was built and tested. Only dimensions and 
features which affected stresses, heat transfer, and thermal 
gradients were adjusted. The engine configuration is essen- 
tially that shown in Figs. 1 and 2. It had dual side ports 
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Fig. 8 — Engine performance of 4RC6 


Fig. 9 —- RC19 engine — assembly of power section 


each connected to a carburetor with manual control, Fig. 
9 demonstrates the size of the power section. 

This engine also started and ran at the first attempt, and 
its operation was quite normal. Its breathing capacity proved 
very ample, even at high apex velocities, and the prelimi- 
nary testing demonstrated the power potential of this engine 
size. However, it exhibited a phenomenon which did not 
occur on the smaller size engines with standard fuel, name- 
ly, detonation, It took place when standard fuel air mix- 
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Fig. 10 — Design parameters 


tures and full throttle opening were approached. In this first 
test series, attractive power and fuel consumption figurgs 
could therefore not be realized and further investigation of 
this deficiency is required, It is too early to say that the 
size of the combustion chamber is the main cause of detona- 
tion. On the other hand, the engine helped to clarify other 
phenomena which were exaggerated due to the size and could 
more readily be investigated by instrumentation than on the 
smaller engine, Table 2 gives the initial RC19 performance. 


Design Parameters 


Progress in the technical evaluation and application of the 
rotating combustion engine has been made in a displacement 
range of 1:250, namely, from some 7-1/2to1900cuin., and a 
survey of the design parameters of this new prime mover is war- 
ranted, Fig. 10 represents an attempt to classify these para- 
meters and to assess them in the form ofrelationships of brake 
mean effective pressure or overall efficiency versus speed or 
apex velocity. 

By increasing the speed and gas velocities of a given size 
engine, the first problem encountered is combustion, Apart 
from the influence of the fuel type, combustion is affected 
by the manifold and porting arrangement, the combustion 
chamber shape, the transfer velocities inside the combustion 
chamber during the transition through tdc, and the spark plug 
location, We have developed an adequate combustion char- 
acteristic for current ratings and additional work is underway 
to improve it also for higher speeds and velocities, that is, 
higher power, However, since part of the combustion cham- 
ber shape is solely determined by the geometry of the tro- 
choid and the rotor envelope, the combustion phenomenon 
will present a challenge at the high speed and high power 
end. 

Another factor will then limit power and economy with 
increasing speed, namely, friction caused by the friction of 
the rotor and its bearing, the churning of the scavenge oil 
within the power section, by losses due to the motion of the 
cooling oil inside the rotor, and by gas friction, Knowledge 
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on all of these factors, both qualitatively and quantitatively, 
leads to design features which will reduce their detrimental 
effects. 

At the low speed end, the engine performance is, apart 
from the porting, timing, and overlap of intake and exhaust, 
mainly influenced by the effectiveness of the gas seals, It 
was already indicated that seal operation is significantly af- 
fected by speed, and although improved seal designs helped 
this feature considerably, it appears that this limit is more 
severe than with reciprocating engines. 

An increase of the brake mean effective pressure, for ex- 
ample, by supercharging, will raise the heat transfer rate to 
the rotor housing in its combustion section to such an extent 
that attainment of a wall temperature consistent with opera- 
tional requirements is no longer assured. Of course, not very 
much can be done about the heat transfer on the combustion 
gas side but it has to be fully investiaged in order to arrive 
at an adequate cooling configuration on the coolant side. 
This heat transfer problem can only be partially resolved by 
analytical procedures, certain phases of which have to be 
supplemented by experimental testing. As a result of these 
evaluations, satisfactory relationships between the engine 
operating factors could be achieved. 

On the coolant side, steady-state and transient conditions 
have to be considered and the thermaf properties of the hous- 
ing material, the wall thickness of the housings, the coolant 
passage configuration, and the coolant medium play impor- 
tant roles and leave sufficient room to the ingenuity of the 
designer. Liquid coolants-:offer more margin in this respect 
than air, and early rotating combustion engines therefore 
employed water exclusively as a coolant. 

Apart from the effect on friction, the rotor cooling does 
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not appear to be a factor for the thermal limitation of the 
engine. 

The last parameter is detonation which appears to reduce 
the permissible effective pressure at the low speed end, es- 
pecially with large displacements, However, it has notbeen 
fully investigated as yet since it did not bother us with en- 
gines smaller than the RC19. 
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Discussion 


How Rotating Combustion Engine Design 
Compares to Reciprocating Engine Design 


Paul Huber 
Ford Motor Co. 


FOR THIS DISCUSSION I will avoid an elaboration of the 
major problems of the engine-sealing and thermal distora - 
tion- and will confine my comments to a few points which 
arise when this particular form of an epitrochoid engine is 
discussed with engineers who have not spent a great deal of 
time studying it. The question always exists as to how this 
engine compares in design detail with the reciprocating en- 
gine with which they are already familiar. 

For example, the rotor has a large area exposed to com- 
bustion gas, and the resultant gas force acts on a line through 
the centroid of the rotor. This centroid lies on a circle a- 


bout the output power shaft center at a radius equal to the 
eccentricity, which is therefore equivalent to the crank ra- 
dius on a conventional engine (Fig. A). When the calcula- 
tions are carried through we find that the bearing loading is 
approximately that which would be encountered in a recip- 
rocating engine with a bore/stroke ratio of 5. This results 
in bearing loads on the order of 2000 Ib/in. ® maximum. The 
bearing is located in a hot region, but every indication ex- 
ists that normal heavy-duty engine bearings should be suc- 
cessful. 

Another simila ‘ty to an engine of high bore/stroke ratio 
is found when we investigate the detail of the combustion 
chamber. The surface area is unusually great. If we cal- 
culate the bore and stroke of a disc chamber of a cylinder 
having the same displacement and surface area we find we 
have a bore stroke ratio of 3/1. This is obviously a large 
step since the highest ratio in American production is 1.4/1. 
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Fig. A — Schematic of rotor 


We have been successful in developing chambers with ac- 
ceptable economy to a bore/stroke ratio of 2.5/1, so this 
of itself does not appear to be insurmountable. However, a 
factor which may prove to be of major importance is the 
height of the quench area (Fig. B). 

Because the outer surface of the rotor is limited by me- 
chanical clearance to the housing, the thickness of the cham- 
ber at points A & B cannot be less than approximately 0.136 
on the 16.3 cuin. chamber and 0.27 on the 60 cuin. cham- 
ber. This results in three important problems at 8/1 com- 
pression ratio: 

1. About 1/3 of the clearance volume lies outside the 
central combustion chamber. 

2. The flame travel distance is 20-50% more than the 
3/1 bore/stroke engine, and the height is much greater than 
is desirable for quench area. The net result will likely be 
poor combustion efficiency, and high heat loss. It is worth 
while to note that the German engines report about 0.6 Ib/ 
hp-hr specific fuel consumption probably at maximum power 
mixture ratio while Curtiss Wright reports 0.47 at best econ- 
omy. The first is at 8/1 compression ratio while that of 
Curtiss Wrightis not stated. Since Curtiss Wright group may 
be helped by their larger chamber size, it would appear that 
this rotary combustion engine may prove to have a fuel con- 
sumption a little higher than that we now observe in a re- 
ciprocating engine. 

The sliding velocity discussion presented by Dr. Froede 
is another item on which a bore/stroke similarly comparison 
can be made. Dr. Froede compares with a square engine of 
the same displacement at the same speed. Since the heat- 
ing of the seal, wear, etc. is primarily a function of the av- 
erage speed, we can easily show that the rotary engine has 
an average speed of 3220 ft/min. at 5000 rpm, whereas the 
reciprocating engine has an average speed of 2240 ft/min. 
To raise this last average to that of the rotary engine we 
would have to use a bore/stroke ratio of 0.647/1. One 
American car has a bore stroke ratio of 0.733, while 0.652 
is, still in production in Great Britain.. We must conclude 
that, at the same power shaft speed, the rotary combustion 
engine is the equivalent of a very long stroke reciprocating 
engine. Furthermore, one of the advantages emphasized in 
the description of the rotary engine is its ability to operate 
well at much higher speeds: to 9000 rpm in the example of 
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Fig. B— Height of quench area 


G at 


the 15.3 cuin. engine. At this speed the average seal veloc- 
ity would be 5800 ft/min. We have had no experience with 
such velocities, but since a considerable amount of the pub- 
lished data on the rotary is terminated without reaching peak 
horsepower, we suspect that seal life may be important fac - 
tor at these speeds. 


Bentele’s Closure to Discussion 


MR. HUBER'S statements are very reasonable and indicate 
that he has done considerable analytical work on this en- 
gine configuration. However, in order to draw definite con- 
clusions from his analogies, all factors have to be consider- 
ed and there, I feel, important effects have been missed 


and should be included. 
The rotor of a Rotating Combustion Engine does not exert 


side forces on the housings as the piston of a reciprocating 
engine does; the bore/stroke ratio is, therefore, irrevalent. 
Our analyses and experiments have shown that the " trans- 
mission efficiency" from the gas force to the shaft torque is 
good and at comparable speeds higher than that of a recip- 
rocating engine. 

We agree that the sliding velocities of some Rotating 
Combustion Engines are higher than conventional piston 
speeds--the 4RC6 at 6500 rpm compared with the Ford Fal- 
con shows that--but it is well known that the highest cyl- 
inder wear, and also probably ring wear, does not occur at 
the highest piston velocity but at the reversals of the pistons. 
In this respect, we have an advantage because "we do not 
stop." The combination of continuous sliding in one direc- 
tion, oscillating motion of the apex seal, and a hydrody- 
namic effect between seal and rotor housing results in a tol- 


erable wear of the apex seals. 
Our combustion chamber shape is, judged by conven- 


tional standards, "not the best in the world," but the" Rotat- 
ing Combustion" apparently produces, apart from the quench- 
ing effect, additional turbulence which improves combustion 
to a higher degree than comparisons with area/volume ra- 
tios, quenching areas, and flame lengths, would indicate, 
Less effective combustion and higher mechanical efficiency 
compensate each other so that the BSFC of Rotating Com- 
bustion Engines is competitive to reciprocating engines. 
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Problems Connected with 
NSU-Wankel Engine 


Carl H. Meile 
International Harvester Co. 


THE NSU ENGINE has the appeal of novelty that any new 
and different mechanism acclaims. This is especially true 
when it can be demonstrated to work. Although there have 
been many attempts throughout the years to modify and im- 
prove on the basic reciprocating crank engine, most have 
met with commercial failure. In more recent years, there 
has been an increased tempo in the development and pro- 
motion of new internal and even external combustion en- 
gines. The gas turbine and free piston engines are prime ex- 
amples. Now we have the Wankel rotary engine. 

From an engineering or technical point of view, these 
efforts are noteworthy. The NSU engine exhibits ingenuity 
and inventiveness. The possibility of producing shaft power 
with a simple rotor and eccentric is certainly a departure 
from our present engine forms. The gentlemen and com- 
panies fostering this development are to be congratulated. 

From an economic point of view, however, there are 
many questions that arise. Each objection, whether appar- 
ent or real, must be answered before this engine can become 
a commercial success. Granted, the engine is small in size 
for the horsepower and it can be built of conventional mate- 
rials with familiar tooling practices, I would like to submit 
a list of trying obstacles which I am sure the promoters must 
be overcome: 

1. Can reliability of the seals be achieved within a rea- 
sonable development period? If this is several years away, 
for example, the target for life will have to be advanced 
because present day engines are going to continue improve- 
ments in reliability and life also. 

2. The biggest restriction for the NSU engine in thecom- 
mercial vehicle field is the apparent long term development 
which must be accomplished to achieve diesel combustion 
efficiencies (200 BMEP). This should really be stated as tur- 
bocharged diesel, for herein lies the real competitor for 
many years to come. 

3. Cost of production must either be substantially lower 
than for present gasoline engines, or a gross benefit in per- 
formance must be demonstrated to compete in the passenger 
car market. The remarkable performance and reliability of 
today's engines produced at the lowest relative cost in his- 
tory makes it doubly difficult to encroach upon this market. 

4, Applications to motor trucks and farm tractors will be 
hampered by high specific fuel. Applications to construc - 
tion equipment will be attractive, provided the engine can 
be scaled up in size to meet the future power requirements 
of these vehicles. 

There is one more point which should be emphasized. In 
today's thinking, we correctly evaluate performance of the 
entire power train system. It is performance at the wheels 
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that is a true measure of successful vehicle. This evalua - 
tion demands a consideration of the transmission require - 
ments for this engine. If the high speed of the NSU engine 
requires more elaborate gear reduction, this may offset some 
of its advantages. One should not be misled by dynamome- 
ter calibrations in making comparisons. For example, we 
frequently hear of the high specific fuel consumption of a 
gas turbine versus a diesel engine. The gas turbine has a 
built-in "hot" torque converter. To be fair, a diesel spe- 
cific fuel reading should be taken after the torque converter. 
A similar situation may exist with the Wankel engine where 
useful power at useful shaft speeds can be measured. 

In closing, the following specific questions are submitted: 

1. Whatare the potential thermodynamic efficiencies 
in the NSU engine compared to a turbocharged diesel with 
intercooling? 

2. Do you think the combustion chambers are capable 
of sufficient modification to permit multi-fuel operation? 


Bentele’s Closure to Discussion 


IN ANSWER to Mr. Meile's questions, reference is made to 
the presentations themselves and to the comments in answer 
to Mr. Huber's questions. The diesel aspects have not been 
evaluated experimentally yet, and it would be premature 
to predict on the basis of analytical studies only. The other 
comments are well taken but we are also well aware of them 
and work toward successful solutions. Gas turbines operate 
at higher speeds and find applications. 


Defects of NSU-Wankel Design 


John P. Soltau 
Joseph Lucas, Ltd. 


FOR MANY YEARS, our company, as accessory manufac - 
turers, have been closely linked with engine makers in all 
the fields of travel; and from our experience, the Wankel 
design seems to suffer from certain basic defects which are: 

1. Lack of intake or squish turbulence which will slow 
down the combustion rate. 

2. Avery long, not compact combustion chamber. 

3. A narrowing end-gas flame path. 

4. A shielded spark plug uncooled by the working gases. 

I would like to have the author's view on how these prob- 
lems, which we think are fundamental, have been or will 
be solved. Also, Fig. 15 shows some log. P-log. V dia- 
grams from which it would appear that heat is still being re- 
leased at an expansion ratio of four, or half way down the 
working stroke, assuming a compression ratio of 8/1. Ina 
piston engine, working on a normal air-fuel ratio, combus- 
tion has ceased, in the worst cases, at an expansion ratio 
smaller than two, 

The author mentioned the possible use of "special fuels" 
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to hasten combustion and I would like to have more details 
on this. In practice, we have found that pure benzene, will 
only improve the burning speed by about 20%, and to quicken 
this process still further, one has to use such carburates as 
Hg, CO mixtures or pure Hg. 


Bentele’s Closure to Discussion 


These questions have been amply answered by previous 
comments and publications. 


Oral Discussion of 
Bentele and Froede Papers 


reported by 
Lawrence E. Maizga 
U.S. Army Ordnance 


WHAT MATERIAL is used for sealing? 

Author's Reply: The best coating for the aluminum hous - 
ing is either chrome or molybdenum plating. 

Question: What is the lube oil consumption? 

Author's Reply: Two gr/hp hr which is considered very 
reasonable. 

Question: Is the engine sensitive to fuel octane? 

Author's Reply: Only limited work has been done in re- 
gard to fuel sensitivity, but it indicates that the engine is 
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insensitive to octane number. One test phase involved the 
use of a special gasoline having an octane rating of 30. No 
knocking was noted. 

Question: Are the seal's spring loaded? 

Author's Reply: There is asmall preload affected by wave - 
springs to obtain primary contact but sealing thickness is ac - 


complished by gas pressure acting at the rear of the seals. 
Question; isn't 1t true that the shape of the combustion 


chamber is not favorable to quick combustion of the gas? 

Author's Reply: "This is true andI (Dr. Froede) admitted 
it. In our studies to date this has not proven to be impor- 
tant. When and if it does become important, I think two 
spark plugs could be used. ” 

Question: Isn't it true that the spark plug doesn't receive 
proper cooling and would have low endurance? 

Author's Reply: It is true that cooling is difficult, there- 
fore we use a very cold plug and get 100 hr endurance. 

Question: What is the idle speed? 

Author's Reply: Idle speed as low as 500 rpm with smooth 
firing was obtained. 

Question: Are thin apex seals better than thick one's? 

Author's Reply: Apex seals of various thickness were test- 
ed and ranged from very thin to very thick. Best results 
were obtained somewhere in between. 

Question: What is the fuel consumption at idle? 

Author's Reply: No date on idle fuel consumption has 
been taken to date. 


Fig. 1 — Single cylinder, 4 cycle engine used for measuring 
lubricant tracer in exhaust. A — main exhaust, B — gate valve, 
C — sample line, D — tachometer 


FROM TIME to time engine engineers have emphasized the 
fact that current methods in use for measuring oil consump- 
tion of automotive engines are less than fully satisfactory. 
The accepted methods involve extended operation of an en- 
gine, and gravimetric or volumetric measurement of the 
crankcase oil before and after the operating period. This is 
a reasonably accurate method providing sufficient engine 
operating time is involved, and providing the single inte- 
grated value is desirable. Ideally, however, an instantane- 
ous detecting, and continuous recording system would be 
preferred. With this objective in mind, several possible an- 
alytical systems have been considered, and one particular 
method has been tested in principle and found to have inter- 
esting possibilities. 

This method, which has now been tried in principle, con- 
sists of tracing a lubricant additive through the engine and 
detecting it quantitatively in the exhaust. The tracer frac- 
tion cannot be purely hydrocarbon in nature since molecular 
species derived from the lubricant are not distinguishable 
from molecular species of a fuel after both have been sub- 
jected to combustion. Therefore, an elemental tracer which 
is indestructible in the normal combustion process is desir- 
able. The tracer atom should not be a component of engine 
fuel, or air; and should be detectable in very low concen- 
trations. These considerations led to the selection of an al- 
kali metal as the tracer element, and flame photometry as 
the means of detection. 

Some preliminary calculations indicated that 0. &%} by 
weight of tracer metal in the lubricant should be measure- 
able in automotive exhaust by means of flame photometry. 
Assuming oil consumption of an engine to be of the order of 
1 gr/min, the tracer would be emitted at the rate of 0. 005 
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‘Metallic Tracer Method 


F. R. Bryan, J. C. Neerman, 


and J. E. Hinsch 
Ford Motor Co. 


gt/min. Also, assuming exhaust flow to be about 50 cfm, 
approximately 1700gr of exhaust would be emitted per min- 
ute. The concentration of metal in the exhaust stream 
would therefore be in the neighborhood of 3 ppm. Since 
sodium is known to be detectable to 0.01 ppm in flames 
when the sample is introduced in the form of an aqueous 
Mist, it was reasonable to expect to detect 3 ppm of sodium 
in exhaust with some degree of accuracy. 


Outline of Experiment 


A lubricant containing approximately 0. 5% sodium in 
the form of a sodium mahogany soap is used in a single cyl- 
inder, 4-stroke engine. A small portion of the engine ex- 
haust is blended with a constant supply of auxiliary air and 
fed into the burner of a commercial flame photometer. The 
photometer measures the difference in intensity between the 
sodium line emission at 5893 A and a reference wavelength 
at 6078 A. 

Photometer readings are taken to determine the effect of 
experimental variables such as photometer sensitivity, en- 
gine rpm, exhaust restriction, and auxiliary airflow. With 
these experimental parameters fixed, additive concentra- 
tions are varied stepwise from 0.0 to 0. 48% sodium in order 
to establish relationships between sodium concentrations in 
the oil, and in the exhaust, with corresponding photometer 


for Determining 


Lubricant in Engine Exhaust : 


readings. Sensitivity of the method in terms of engine oil 
consumption is determined by comparing photometer read- 
ings with gravimetrically determined oil consumption values, 


Equipment 


Engine - A Briggs and Stratton, Model 60302, single cyl- 
inder engine, which has a horsepower rating of 2.25 maxi- 
mum at 3600 rpm is used. Piston displacement is 6. 65 cu 
in., and crankcase capacity is 1.25 pt. The engine(Fig. 1) 
is operated on nonleaded fuel and for these experiments no 
load was applied. An electronic tachometer with magnetic 
pickup indicates rpm directly. A gate-valve is installed in 
the main exhaust line just ahead of the muffler as a means 
of contrdlling exhaust flow into the sampling line. 

Sampling Line - The exhaust sample line leading to the 
flame photometer is attached to the main exhaust ahead of 
the gate-valve in a manner which allows passage of particu- 
late matter directly into the relatively small (1/16 in. ID) 
sampling line (Fig. 2A). The sample line continues as an 
unbroken tube directly into the base of the flame burner. Air 
is combined with the sample by means of a concentric outer 
tube (1/4 in. ID) which joins the sample line a few inches 
from the photometer (Fig. 2B). Airflow is measured and reg- 
ulated to provide fixed flow rates from 1 to 2 cfm. 

Photometer - A Baird-Atomic Model KY Flame Photome- 
ter (Fig. 3) was selected because of several features especi- 
ally desirable for this experiment. The burner of this photo- 
meter is designed to operate a relatively low pressures, and 
yet will accommodate large sample volumes. Therefore, 
the flame is relatively large, and a reasonable percentage 
of exhaust sample can be fed directly into the burner with- 
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Fig. 2— Sampling system. A — exhaust sampling assembly, B 
— air blending assembly 


out encountering a restrictive orifice. Matching the large 
flame is a large aperture optical system employing interfer- 
ence filters for wavelength resolution. This is a relatively 
efficient light system since no narrow slit is involved, as 
would be necessary with prism and grating spectrophotome- 
ters. The Baird-Atomic photometer is also equipped with 
multiplier type phototubes which provide the sensitivity nec- 
essary for this type of experiment. 

The instrument is of the double-beam type (Fig. 4) al- 
lowing two wavelengths to be measured simultaneously. One 
beam measures the element line, and the second beam pro- 
vides either a standard reference signal or a background com- 
pensating signal. In this experiment the second beam pro- 
vides a background correction which partially compensates 
for incandescence due to soot in the exhaust. The 6708 A 


Fig. 3 — Instrumentation for measuring sodium in exhaust. A — 
auxiliary air flowmeter, B — photometer burner, C — photom- 
eter, D — tachometer, E — timer 
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Fig. 4— Simplified diagram of Baird-Atomic filter photometer 


used to detect sodium 
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Fig. 5— Meter response versus sensitivity setting — showing 
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Fig.6 —Three and twelve min photographs of the flame and 
sample taken through a Bunsen spectroscope. Background is 


noticeable in the lower (12 min) exposure 


F. R. BRYAN, et al. 


pass-band of the reference filter is designed to measure lith- 
ium. Since lithium is not present in the exhaust, however, 
this wavelength serves to measure background contributed 
by the sample and allows the instrument to indicate the dif- 
ference between background at 6708 A and sodium emission 
at 5893 A. Ideally, a background correction obtained from 
a wavelength immediately adjacent to the sodium lines 
would be more desirable. 


Experimental Procedure 


Photometer Settings - The sensitivity range of the photo- 
meter is controlled by means of the "Na range” potentiome- 
ter (Fig. 4). Since the amplification factor becomes one of 
the experimental variables, the relationship of sensitivity 
setting to meter deflection needs to be known. A minimum 


detectable signal of 0.1 division was applied by slightly at- 
tenuating the reference signal (dark current, since no light 
source was involved) with sensitivity setting at zero. Sen- 
sitivity was then increased in steps to provide relationships 
between sensitivity settings and corresponding meter deflec - 
tions. These values are plotted in Fig. 5. The response is 
essentially linear; doubling the sensitivity setting doubles 
the meter reading. This makes it possible to compare di- 
rectly readings obtained over the full range of photometer 
sensitivities. The photometer zero is normally set by ad- 
justing the "Na center," or reference signal potentiometer. 
This is done with the flame burning, but without the sample 
flowing. 

Burner Operation - The burner is a modified Fisher labo- 
ratory burner with natural gas orifice. Air and sample en- 
ter the burner through a large annular opening at the base 
of the burner. A glass chimney protects the flame from 
drafts. Air is supplied at the rate of 1to2 cfm. The 
nonluminous flame is 1 in. in diameter at the base, and 
about 3 in. high. 

The burner is designed to handle air suspensions of aque- 
ous mists containing sodium or potassium salts in solution. 
An engine exhaust sample after cooling is somewhat similar 
in physical makeup, with the added complexities, however, 
of organic liquids and vapors together with metallo-organics, 
particulate carbon, metallic carbonates, and oxides. An 
exhaust sample from an engine operated with a sodium ad- 
ditive, and collected by means of a standard industrial hy- 
giene type air sampler, revealed a dark, wet, oily substance 
with no visibly distinct particles which might contain the 
sodium. Spectrographic analysis of the material, however, 
revealed a high sodium concentration. 

The burner flame, when supplied with exhaust from an 
engine with sodium additive, shows a visibly yellow color. 
In order to determine whether this color is due primarily to 
sodium line emission or to incandescent carbon, a small 
Bunsen spectroscope was used to view and record the spec- 
trum. Fig. 6 shows two photographic exposures of the en- 
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tire visible spectrum, Although some background is evident 


in the longer exposure, the intensity is primarily due to so- 
dium emission. 


Engine Operation - Since oil consumption was suspected 
of being a function of engine rpm, this variable was inves- 


tigated prior to establishing a set of standard engine operat- 
ing conditions, Oil containing 0.48% sodium be weight was 
used in the engine. The main exhaust gate-valve was left 
fully open and engine rpm varied from near the stalling 
speed of 1000 rpm to over 3000 rpm. The photometer, at 
a sensitivity setting of 40, provided meter deflections from 
0.5 to 9 divisions (Fig. 7). Readings showed considerable 
fluctuation, but a trend is discernible. Sodium signal is 
roughly proportional to rpm. Tachometer readings indicated 
that rpm values fluctuated at each setting by almost +100 
rpm. This might have occurred because the engine had no 
load, or because the air-vane governor was inadequate. The 
trend in the data does show that sodium signal is affected 
by engine rpm, and that tests should be conducted with con- 
trolled rpm. A speed of 3000 rpm was arbitrarily selected 
for subsequent tests. 

Exhaust Control - The amount of exhaust sample going to 
the photometer can be controlled to some extent by means 
of the gate-valve in the main exhaust line. Closing this 
valve tends to force more exhaust into the smaller sample 
line (Fig. 1). Closing the valve too far, however, will cause 
malfunctioning of both flame and engine. Within the spe- 
cific range of 1-2 turns, nevertheless, sodium signal is pro- 
portional to valve closure, as shown in Fig. 8. 

From a fully open position to 1-turn closed the valve is 
ineffective due to design of the valve. From a position of 
1 turn to 3-1/2 turns the gate closes rather uniformly, forc- 
ing more sample to the flame. However, after 2 turns, and 
with the valve aperture about half closed, the flame is in- 
clined to fail and the engine noticeably labors, Because of 
the great dependence of sodium signal on the exhaust valve 
setting, it was decided to sacrifice sensitivity for reproduci- 
bility and run the tests with the main exhaust fully open. 

Auxiliary Air -The amount of air fed to theflame in this 
case needs tobe in therange of 0.4-2.1cfm in order 
to support combustion of the natural gas fuel fed to the burn- 
er. Construction of the burner base and inlet system makes 
jt expedient to introduce sample and auxiliary air together 
into the burner. Since the air dilutes the sample, it would 
be expected that sodium signal would vary somewhat in- 
versely with amount of air fed to the burner. This general 
relationship is confirmed in the data presented in Fig. 9. 

An appropriate nominal airflow rate would be 1 cfm. 
A somewhat higher flow of 1.8 cfm was adopted, how- 
ever, primarily because the burner could be lighted more 
handily at the top of the chimney under this condition. A- 
gain sensitivity to sodium is considerably sacrificed by 
choosing the relatively high airflow rate. Airflow is satis- 
factorily regulated within + 0,05 cfm by means of a 
Fischer-Porter flowmeter and needle valve. 
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Fig. 7 —Engine rpm versus sodium signal — showing trend 


toward increased signal with increased rpm 


SODIUM SIGNAL 


TURNS CLOSED 


Fig. 8 — Main exhaust valve versus sodium signal — showing 
effect of valve closure on photometer reading 
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Fig. 9 — Auxiliary air versus sodium signal — showing stable 
flame range, and effect of auxiliary air on photometer. reading 
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Fig. 10 — Sodium in lubricant versus signal — showing close 


proportionality between sodium concentration and photometer 
reading. (Main exhaust — open, Engine rpm — 3000, Auxiliary 
air — 1.8 cu ft/min, Photometer sensitivity — 40) 


Results 


Sodium Signal as Function of Sodium Concentration - 
Having determined the degree of control necessary on some 
of the major experimental variables, measurements were ob- 
tained to establish the reliability of the method. With fixed 
engine and photometer parameters, measurements were 
made using a series of additive concentrations in the engine 
lubricant. The engine was operated at 3000 rpm with the 
exhaust valve fully open. Auxiliary air was adjusted to 
1.8 cfm, and photometer sensitivity set at 40 scale divi- 
sions. 

Lubricant containing 0.48% sodium was blended with neu- 
tral base oil to provide oils with sodium concentrations of 
0.0, 0.06, 0.12, 0.24, and 0.48% sodium by weight. The 
engine was run with each of these lubricants and the sodium 
signal was read from the photometer. The data are plotted 
in Fig. 10. The sodium signal varies directly, as expected, 
with the sodium content of the lubricant. The slight non- 
linearity is not immediately explainable and is similar in 
magnitude to the experimental error. 

The amounts of sodium detectable in the lubricant, the 
exhaust and the air-diluted exhaust can be calculated from 
the data presented in Fig. 10, together with the independ- 
ently measured oil consumption, exhaust flow, and airflow 
values. An oil consumption test over a period of 4 hr of en- 
gine operation provided a consumption rate of 0.30 gr/min. 
The 0.48% sodium in the lubricant provides a photometer 
reading of 8 divisions. Since the meter can be read to+0.5 
division, approximately 0.05% or 500 ppm sodium in oil 
are detectable at the 0.3 gr/min oil consumption rate and 
a photometer sensitivity of 40. (Instrument sensitivity can 
be increased, if necessary, by a factor of 2.5.) 
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Fig. 11—Calculated sodium in exhaust and in air-diluted ex- 
haust versus sodium signal. (Main exhaust — open, Engine rpm 
— 3000, Auxiliary air — 1.8 cu ft/min, Photometer sensitivity 
— 40) 


EE 


Detected sodium in terms of fraction by weight of the ex- 
haust can be calculated by considering oil consumption rate 
together with total exhaust flow rate. Exhaust produced by 
the engine under these same operating conditions, as meas- 
ured by a Rockwell gas meter, and after cooling to essen- 
tially room temperature, was 2.5 cfm (71 1/min). Us- 
ing a volume to weight conversion factor of 1.15 gr/1, the 
exhaust flow rate becomes 81.4 gr/min. Since 500 ppm so- 
dium in the oil is detectable, and assuming all of the oil is 
emitted in the exhaust, the sodium in exhaust is then de- 
tectable to 2 ppm. A plot of sodium in exhaust versus so- 
dium signal is shown in Fig. 11. 

The portion of the exhaust actually fed to the flame, as 
measured by a bubble flowmeter, is 0.38 1/min (0. 44 gr/ 
min). This quantity is mixed with a flow of 1.8 cfm 
(58. 6 gr/min) of air to support combustion of fuel in the 
flame. Thus, the ratio of exhaust to air as the sample en- 
ters the flame is 0.007 and the sodium detected in the air- 
diluted exhaust is, therefore, estimated to be less than 0. 02 
ppm. (See upper abscissa, Fig. 11.) 

Sodium Signal as Function of Oil Consumption - In order 
to determine the usefulness of the sodium signal in terms of 
engine oil consumption, it was necessary to provide a range 
of oil consumption values. This could have been done by 
employing a series of similar engines in various states of re- 
pair. A simpler procedure, however, was the use of the 
same engine with a series of piston ring modifications. 

The engine, as received from the factory, and as oper- 
ated on the previous tests, used oil at the rate of 0.30 gr/ 
min. Under our standard operating conditions (3000 rpm, 
open exhaust valve, 1.8 cu ft of auxiliary air per minute, 
photometer sensitivity of 40) the sodium reading, using 
0.48% sodium in the oil, averaged about 9 divisions. Since 
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Fig. 12 — Oil consumption versus sodium signal — showing an 
almost linear relationship between oil consumption rate and 
photometer reading. (Main exhaust — open, Engine rpm — 
ae Auxiliary air — 1.8 cu ft/min, Photometer sensitivity — 


the engine was in essentially new conditions it was sent to 
the shop with instructions to modify for increased oil con- 
sumption. The oil ring (bottom ring) was lapped 0. 001 in. 
on the circumference. In this condition, however, the oil 
consumption over a 4 hr period showed a lower rather than 
higher consumption rate. Oil loss amounted to only 0. 08 
gr/min, while the photometer reading averaged only 1.5 di- 
visions. Obviously the engine was now in better condition 
in respect to oil consumption than previously. 

The engine.was next modified more drastically by grind- 
ing two 0. 005-in. flats on the center and bottom rings, In 
this condition oil consumption amounted to 0.35 gr/min, 
and photometer readings averaged 10.5 divisions, Although 
oil consumption rate in this case was only 0.05 gr/min 
greater than the original rate, it was encouraging to find the 
two consumption rates resolved by means: of the sodium sig - 
nal. A further modification of the engine involved an ad- 
ditional two 0.005 in. flats on each of the bottom two rings. 
The resulting oil consumption rate was 0. 67 gr/min, and 
the sodium signal averaged 23 divisions. 

The oil consumption versus sodium signal relationship for 
the four engine conditions is plotted in Fig. 12. The gra- 
vimetrically determined oil loss in terms of grams per min- 
ute bears an essentially linear relationship to the potometer 
reading. Considering the 2 1 division fluctuation in sodium 
signal during supposedly steady state engine operations, the 
minimum detectable change in oil consumption rate is 0. 05 
gr/min under the conditions of this experiment. 


Conclusions 


A metallic lubricant additive in low concentrations can 
be detected and measured quantitatively in engine exhaust 
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by means of emission spectroscopy. Flame excitation of the 
exhaust sample provides sufficient sensitivity of detection 
for alkali metal additives. Sodium, in particular, can be 
detected in exhaust in concentrations of the order of 1 ppm. 
Potassium or lithium tracers would be expected to have near- 
ly the same detectabilities as sodium. Rubidium, calcium, 
and strontium should be detectable in quantities of a very 
few parts per million. An optimum additive content in the 
oil would be a compromise between an amount sufficiently 
large to provide the measuring accuracy required, and an 
amount small enough to avoid mal-lubrication of the engine. 

The rate of lubricant loss through the exhaust system can 
be nearly instantaneously indicated and recorded. The time 
constant is largely dependent on the length and diameter of 
the sampling line between engine and photometer. In the 
experiments described, the time lag was about 2 sec, but 
no doubt could have been reduced to less than a second. 

The future utility of a continuous and almost instantane- 
ous measurement of lubricant in exhaust is intriguing from 
several standpoints, First, it would provide a means of 
studying short term oil consumption characteristics as a func- 
tion of engine operating variables. Also, the method may 
be used to shorten the time necessary to obtain oil consump- 
tion data under any given set of operating conditions. A 
rapid method of checking oil consumption may establish the 
feasibility of 100% production inspection: of new engines. The 
possible advent of sealed crankcases emphasizes the desir - 
ability of pre-determining and limiting oil consumption at 
the time of engine assembly. 


Discussion © 


Sampling Methods 


Petroleum Division 
British Petroleum Research Center 


THE AUTHORS' approach to the difficult problem of con- 
tinuously measuring lubricating oil consumption is both nov- 
el and of considerable interest. It appears that the method 
for determining the tracer is satisfactory. The slight curva- 
ture of the curves in Figs. 10-12 was probably due to some 
nonlinearity in the detector, which would, of course, be un- 
important if a preliminary calibration such as that in Fig. 
12 was obtained. 

It appears that one of the main difficulties in operating 
the suggested system to measure oil in engine exhausts lies 
in the method of sampling. It seems rather unlikely that 
with the present sampling configuration the sodium concen- 
tration of the sample would be the same as the mean con- 
centration in the exhaust gas. This would not invalidate the 
method as long as the exhaust gas flow pattern was always 
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the same. But if the method were applied generally, it 
would be difficult to interpret results because the flow pat- 
tern would vary widely with speed and load. Because of the 
variation in flow pattern, the sodium concentration in the 
sample would no longer be a fixed multiple or fraction of 
the mean sodium concentration in the exhaust gas. In fact, 
the effect of changing the exhaust conditions by partially 
closing the gate valve cited in the paper, showed how sen- 
sitive the system was to changes in the exhaust gas flow 
pattern. 

The existing system would undoubtedly be very useftl in 
testing oils in the laboratory under constant engine condi- 
tions, but the sampling errors could give misleading impres- 
sions of the true effect of speed and load on oil consumption. 
This may account for some of the scatter in Fig. 7. We sug- 
gest that the following may be applied to obtain more rep- 
resentative samples of the exhaust gas. 

1. The probe should be placed in the center of a straight 
length of an exhaust pipe which is fitted to the exhaust mani- 
fold. 

2. Use isokinetic sampling if the sodium is in particle 
form larger than 10 microns, that is, ensure that the speed 
at which the gas flows in the sampling probe is the same as 
that in the main exhaust system to prevent separation of sol- 
id particles, 


Application of Metallic Tracers. 
to Engine Research 


P. A. Bennett, 
and C.R. Begeman 


General Motors Corp. 


THE AUTHORS have presented a very interesting applica- 
tion of flame photometry to the problem of determining en- 
gine oil consumption. In addition, the work is an example 
of the new approach often needed to solve a difficult prob- 
lem. However, the paper raises a number of questions. Po- 
tential users of the technique need additional information 
before the proposed method can find wide application. 

One of the major limitations of the proposed method is 
that it must be calibrated against a more fundamental meth- 
od of measuring oil consumption. This may have to be done 
for every operating condition and for different engines. 

It would appear that the method may not permit the de- 
termination of instantaneous oil consumption rates. In this 
situation, the volume of gas fed to the photometer must be 
known as a fraction of total exhaust flow at each engine con- 
dition, or the sample must be proportional to the total gas 
flow. Do the authors know if they obtained proportional flow 
in their system? What was the sampling flow rate and was 
it constant for a given engine operating condition? Did de- 
posits accumulate in the sample line to decrease the sample 
flow rate? 


F, R. BRYAN, et al, 


a 
Table A - Calcium in Combustion Chamber Deposits 


Test Duration 48 hr 
‘Total Oil Consumed 250 gr 
Calcium content of oil (0. 8%) 2 Ser 
Total Combustion Chamber Deposits 25 gr 
Calcium content of deposits (2. 0%) 2.5 gr 
Calcium in Combustion Chamber Deposits, 
Total Calcium Lost From Crankcase 25% 


It is required, of course, that the sample fed to the pho- 
tometer be representative of the total exhaust composition. 
However, starting with a clean engine, a certain amount of 
additive metal will remain in the engine combustion cham- 
ber, exhaust system, or the sample lines. This may be il- 
lustrated by Table A. 

These data were obtained using an oil which contained 
a relatively large amount of calcium. Multiplying the total 
amount of oil consumed by the oil calcium content gives a 
value of about 2 gr of calcium lost from the crankcase dur- 
ing the 48 hr test. Combustion chamber deposits removed 
from the engine at the completion of the test weighed 25 gr 
and subsequent analysis established that about 2% of this was 
calcium. Accordingly, some 25% (25 x 0. 02/2. 0) of the 
total calcium consumed remained in the combustion cham- 
ber. Do the authors have any information concerning the 
amount of sodium remaining in the combustion chamber de- 
posits in their tests? 

Also, the sampling line in the Ford apparatus would ap- 
pear to be relatively cool. This would lead to condensation 
or precipitation of material. Did the authors observe such 
material accumulation in the sampling line? 

Sodium retention in some part of the engine or sampling 
system may account for the nonlinearity of the authors’ curve 
of sodium signal versus lubricant sodium content shown in 
Fig. 10. At low sodium concentrations, any sodium lost in 
deposits may be a significant portion of the total exhaust so- 
dium content. That is, the observed signal may be a rela- 
tively small part of the signal which would have been ob- 
served had no losses occurred. At high concentrations, the 
sodium lost in deposits would probably be a smaller percent- 
age of the total exhaust sodium content. In order to apply 
the Ford method at all rigorously, it is necessary that the 
rate of sodium deposition in different parts of the engine or 
sampling system be determined for each operating condition. 

A significant amountof lubricant is lost from an engine 
via the breather tube. Would the authors comment on the 
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possible application of their technique to the measurement 
of oil loss from this source? 

} We believe that the proposed method has considerable 

promise as a tool for measuring oil losses from engines. We 

hope that the authors continue tnis work with the objective 

of developing a technique for measuring the instantaneous 

rate of oil loss from engines. 


Authors’ Closure 
To Discussion 


THE AUTHORS wish to acknowledge the comments of 
Messrs. Bennett and Begeman, especially in calling proper 
attention to the several considerations necessary in the ap- 
plication of metallic tracers to engine research. 

The purpose of the single experiment described was to 
demonstrate the feasibility of a concept. It was not intend- 
ed at this stage to produce a corapletely engineered instru- 
mentation system. The potential of the technique seemed 
sufficiently promising, however, to warrant reporting at this 
time. The authors agree that considerable development and 
engineering would be required to render the method abso- 
lute and universally applicable. 


Depending on the intended application, several avenues 
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of further work are apparent. It should be possible (though 
not easy) to make an absolute calibration of the burner-pho- 
tometer response per gram of sodium passing through the 
burner in unit time. Proportional, or better yet, isokinetic 
sampling would certainly be desirable for applicability of 
the method under widely varying exhaust flow rates such as 
would be encountered in engine variable: studies. 

It is recognized that retention of the tracer metal could 
be a serious problem in either research or engine inspection 
applications. There is very likely retention of sodium in 
several parts of the system. The remarkable aspect is that 
the rate of deposition appears to be substantially constant un- 
der the conditions of the experiment. If the slight nonlin- 
earity of response is due to sodium retention we are pleased 
that the effect is this small. 

There are several changes which we would recommend 
as improvements. The sampling line should be shorter for 
faster response. The sampling tube should probably be of 
larger diameter, and externally heated to prevent condensa - 
tion of moisture. Although the photometer optics and elec- 
tronic circuitry appear to be adequate, a larger and more 
rugged burner would be desirable. 

We have not considered metallic tracers for the determi- 
nation of breather tube losses because of the impending ob- 
solescence of external type breathers. 


Fig. 1 — Cast aluminum V-8 diesel cylinder block 


Stress Analysis of Aluminum 


THIS PAPER describes the application of experimental stress 
analysis in the development program of a cast aluminum V-8 
diesel cylinder block. (See Fig. 1). This wet liner type 
block is part of the new compact, lightweight military en- 
gine, model LVDS 1100, developed for the Ordnance Corps 
by the Caterpillar Tractor Co. (Figs. 2 and 3), It isan8-cyl, 
4-cycle, 90 deg V-type engine with a 5,4 in, bore and 6,5 
in. stroke. Displacement is 1.193 cuin. Liquid-cooled 
and supercharged, it is rated at 580 hp at 2200 rpm. With 
accessories, the engine weighs only 2485 lb or 4.3 Ib/hp. 
The cylinder block weighs approximately 300 lb, The ap- 


Fig. 2 — Military engine, model No. LVDS 1100 
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proximate dimensions of the complete engine are 52in. long, 
48 in. wide, and 43 in, high. 

Production and service requirements dictated that the 
block be designed for the economical permanent mold pro- 
cess, Alloy 355, with a T7-type heat treatment, was chosen 
on the basis of castability, properties, and stability. The 
prototype parts were sand-cast in the same alloy. 


Fig. 3 — Military engine, model No. LVDS 1100 


V-8 Diesel Cylinder Block 


Alcoa was fortunate in being able to work with Cater- 
piilar on the block and other aluminum components from 
the early design stage. This was advantageous, since the 
experience of both companies in their respective fields could 
be incorporated in the prototype castings. 


Testing of V-8 Block 


Machined castings were provided for both stress analysis 
and engine tests, making it possible to conduct the two si- 
multaneously. To further expedite the program, the stress 
analysis was made by using simulated loads based on actual 
cylinder pressure measurements and computed bearing forces, 
Through this program, difficulties encountered in one test 
did not delay the other, and the test information was de- 
veloped more rapidly. 


The components used in this test program included the 
block with cylinder liners installed, cylinder heads, pistons, 
and connecting rods. In order to facilitate testing and in- 
spection of Stresscoat patterns, the crankshaft was replaced 
by a straight shaft and the oil pan was removed, Fig. 4 is 
a bottom view of the block showing the straight shaft install- 
ed, the orientation of the cylinders and bearing caps, and 
the firing order of the engine. 


Two types of loads were simulated: 
1. Cylinder pressure loads, 
2. Main bearing dynamic vector force loads. 
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Fig. 4 — Bottom view of block showing straight shaft installed 
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Fig. 5— Maximum vector forces on No. 4 main bearing at 2125 
psi cylinder pressure and 2200 rpm 


The cylinder loads were based on a 1650-psi operating 
pressure. However, in testing, pressures as high as 3550 psi 
were applied to develop Stresscoat patterns. 


The vector force loads were based on computed horizon- 
tal and vertical bearing forces at the No. 4 bearing for a 
peak cylinder pressure of 2125 psi at 2200 rpm. This bear- 
ing was selected, since in the firing order it is the only bear 
ing which experiences two consecutive firing impulses from 
cylinders in the same bank (cylinders 6 and 8), These forces 
were simulated at the No. 4 bearing, by simultaneously ap- 
plying cylinder pressure and inertia-type loads to the con- 
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necting rods of the No. 6 and No, 7 cylinders, The five 
maximum vector forces for one complete firing cycle were 
applied. These are shown graphically in Fig. By together 
with the equivalent No. 6 and No. 7 connecting rod loads. 

Fig. 6 illustrates the cylinder arrangements used to pro- 
duce the test loads, Cylinder pressure loads were applied, 
as shown at the right. The cylinder was pressurized hydrau- 
lically through an inlet adapter installed in place of the pre- 
combustion chamber. Pressures were confined to the normal 
combustion chamber volume by a spacer and leather cup seal 
on top of the piston. Inertia loads for the dynamic vector 


forces were obtained with a hydraulic jack, as shown at the 
left. 


Figs. 7 shows a typical test setup. This particular one 
was used for the strain gage work, with cylinder pressures 
simulated hydraulically. In the left foreground is the strain 
indicator and selector box. A precision pressure gage and 
hydraulic pump is to the right. The large fabricated wheels 
attached to either end of the block were to facilitate hand1- 
ing of the assembly. 

In the Stresscoat phase of the analysis, the complete 
block and the bearing caps were coated. However, cylinder 
pressure loads were applied only to the right cylinder bank, 
since the block was nearly symmetrical. Individual cylin- 
ders were loaded in increments to 3550 psi. Adjacent cylin- 
ders were loaded simultaneously as high as 1250 psi. Figs. 
8-11 show the strain patterns obtained from cylinder loads 
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and assembly loads due to torquing the cylinder head and 
bearing caps. The letters and numbers adjacent to each pat- 
tern identify it according to the type of stress indicated and 
the load producing it, as shown in Table 1. These patterns 


. represent areas of stress concentration in the assembly where 


the strain exceeded 650 Mu in. /in. which was the minimum 
strain at which cracks would develop in the brittle lacquer 
test. The direction and density of the pattern cracks also 
indicated the direction and relative magnitude of the prin- 
cipal stresses, providing a basis for strain gage locations. 
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Fig. 6 — Loading arrangement for V-8 diesel cylinder block 


Table 1 - Stresscoat Analysis Results 
Identification of Patterns 


All Stress Levels 6500 Psi or Higher 


Type 
Pattern Of Stress 
PS Compression 
aT Tension 
18 Tension 
25 Tension 
28 Tension 
29 Tension 
30 Tension 
35 Tension 
36 Compression 


Load Producing Pattern 


Bearing Cap Nuts Torqued to 
200 lb-ft 

1250 psi pressure in cylinders 
No. 5 and 7 

500 psi pressure in cylinders 
No. 5 and 7, All bearing 
caps but No. 4 out 

3000 psi pressure in cylinder 
No. 1 

3000 psi pressure in cylinder 
No. 7 

3550 psi pressure in cylinder 
No. 7 

3000 psi pressure in cylinder 
No. 38 

Head nuts torqued to 150 lb-ft 

Head nuts torqued to 150 lb-ft 
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CYL.NO.7 


PROJECT 
58-N-4 


REAR OF BLOCK 
Fig. 8 — Strain pattern obtained from cylinder loads and as- 
sembly loads due to torquing the cylinder head and bearing caps 


NO. 4 
MAIN BEARING 


Fig. 9 — Example of strain pattern 


Fig. 11 — Strain pattern 


Two gages were located at right angles in the stud hole 
of the No. 4 bearing cap, on the basis of fatigue fractures 
of several caps in the test engine. A typical fracture is shown 
at the left in Fig. 12, These fractures occurred after approx- 
imately 100 hr of operation at an average cylinder pressure 
of 1550 psi at 2200 rpm. The arrow indicates the fracture 
origin. Gages 38 and 39 were located in the stud bore, as 
shown in the sketch at the right. The location of gage 39 
corresponded to the origin of the fracture and was oriented 
90 deg to the fracture. 

Thirty-three additional gages were located on the basis 
of Stresscoat patterns, 

Three types of load were applied to determine maximum 
operating stresses in the gaged areas, These consisted of the 
following: 

1, Assembly loads, due to torquing the bearing caps and 
cylinder head. 

2. Individual and combined cylinder pressure loads in 
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Fig. 12 — Aluminum V-8 diesel bearing cap stud bore fracture 
and strain gage orientation 


NO. 4 
MAIN BEARING 


Fig. 13 — No. 4 bearing cap stud bore, gages 38 and 39 


Fig. 14 — No. 4 bearing bore, tangential gage 18 
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Fig. 15 — No. 4 bearing web fillet at side wall, gage 10 


cylinders of both banks. 

3. Five dynamic vector force loads at the No. 4 bearing. 
(Equivalent to 2125 psi cylinder pressure at 2200 rpm. ) 

A survey of the strain gage results indicated four areas 
having stress levels significantly higher than the others, 
These included: 

1. No. 4 bearing cap stud bore, gages 38 and 39 (Fig. 
12). 

2. No. 4 bearing bore, tangential gage 18 (Fig. 13). 

3, No. 4 bearing web fillet at side wall, gage 10 (Fig. 
14). 

4, The blend of cylinder No. 7 to block, gages 5 and 7 
(Fig. 15). 


Basis of Interpretation of Stress Analysis 


The results of such an analysis must be weighed critically 
and correlated with other design factors, to effectively eval- 
uate the strength of the design. Three basic fators are in- 
volved: 

Load - The simulated loads upon which stresses are based 
should be representative of those occurring in service. The 
loads used for this analysis were considered to be equal to 
or higher than corresponding normal operating loads, 

Stress - The loads applied to a diesel engine cylinder 
block are highly repetitive in nature, and fatigue resistance 
is the major design consideration. Since a diesel engine is 
expected to have a long service life and to operate at ahigh 
load factor, the operating stresses are evaluated at the en- 
durance limit. In aluminum, this is considered to be equiv- 
alent to the fatigue strength at 500, 000, 000 cycles, 

The stresses to be used in evaluating the block were those 
measured by the strain gages whose location, size, and di- 
rection were indicated by the Stresscoat analysis, except for 
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Fig. 16 — Modified Goodman diagram 


those in the bearing cap stud holes, 

Principal stresses were obtained in the stud hole of the 
bearing cap, based on the resultant of right-angle strain gage 
measurements taken in the direction of the maximum and 
minimum normal strains, Strains obtained from single gages 
in all of the other gaged areas provided apparent stress values, 
Apparent stresses based on strain indications from gages or- 
iented by Stresscoat are adequately accurate, except incom 
plex stress fields. 


In general, static and dynamic components of stress should 
be considered in a cylinder block. Possible static compo- 
nents would be those due to residual, thermal, and assembly 
load stresses, Residual stress measurements were not con- 
sidered necessary, because of the favorable heat treatment 
used, Thermal stresses were not dealt with in this investi- 
gation, as it was felt this block was properly designed to keep 
them at a low level. The stresses used to evaluate this de- 
sign were the steady stress due to assembly of parts, and the 

_ added dynamic stress due to inertia loads and combustion 
chamber pressure at rated load and speed. 


Material - The possibility of these measured stresses re- 
sulting in service fatigue failure is evaluated by their rela- 
tionship to the envelop of an appropriate allowable stress dia- 
gram. The modified Goodman diagram, shown in Fig. 16, 
was chosen for this analysis. This is perhaps the most wide- 
ly used technique for evaluating fatigue strength of designs. 
It is constructed on the basis of the static mechanical prop- 
erties and fatigue data. The envelope of the diagram re- 
presents the fatigue strength of the material for a given tem- 
perature and life at different stress ratios. Fatigue failures 
would be expected in areas where operating stresses exceed 
the allowable diagram limits. 


*Numbers in parentheses designate References at end of 


paper. 
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How effectively the diagram evaluates the design strength 
depends on the proper choice of tensile and fatigue strength 
values, It would be desirable to use a tensile strength based 
on test bars taken from representative areas of the produc- 
tion casting. However, in the absence of such data, 75% 
of the minimum properties of separately cast test bars, in 
the same alloy and temper as the casting, should be used. 
This value is representative of what can be expected in pro- 
duction castinys of commercial quality. Certain areas with- 
in these castings may exceed this standard. If necessary, 
specialized casting techniques may be employed, whereby 
considerably higher strengths can be guaranteed in specific 
areas, 


Selecting the fatigue strength to be used is more difficult 
than obtaining static properties, Fatigue data is available 
in the form of rotating beam, plate bending, and direct stress 
standard laboratory tests. Experience has shown that data 
from notched rotating beam tests incorporated in the modi- 
fied Goodman diagram reliably predicts success or failure 
of production parts, 


The fatigue strength used to evaluate the cylinder block 
was based on the published fatigue data (1)*, shown in Fig. 
17. These are the scatter band limits of smooth and notch- 
ed rotating beam fatigue data for sand-cast and permanent 
mold specimens in various alloys and tempers. It is per- 
missible to represent the different alloy and tempers by a 
Single set of limits, since their scatter bands are essentially 
the same. It will be noted that the scatter bands of the sand 
cast and permanent mold specimens also overlap to some 
extent, particularly the notched data at high numbers of 
cycles. The lowerendurance limit of the notched permanent 
mold scatter band was chosen as the allowable fatigue strength 
of the block. Temperatures which this block would exper- 
ience would not alter significantly the tensile and fatigue 
properties developed at room temperature, 
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Fig. 17 — Scatter band for sand cast and permanent mold alumi- 
num alloys 
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Fig. 18 — Aluminum V-8 diesel cylinder block assembly maxi- 
mum cyclic stresses 


Interpretation of V-8 Stress Data 


The interpretation of the results was based on these ten- 
sile and fatigue values, together with the other design fac- 
tor considerations previously discussed. Only the interpre- 
tation of the four higher stressed areas represented by gages 
5, 7, 10, 18, 38, and 39 (Figs, 12 - 15) will be covered. 
These are plotted on the modified Goodman diagram, shown 
as Fig. 18. The vertical solid and dashed lines represent 
the maximum cyclic stresses produced in the four areas due 
to cylinder pressure and dynamic vector force loads, respec- 
tively. The stresses at gage 39 extend beyond the safe limits 
of the diagram, indicating that failures would occur in this 
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area. The stresses of the other three areas fall within the 
diagram limits, indicating a safe stress level. 

Gage 39 was located in the bearing cap stud bore, where 
fatigue fractures occurred in the engine after approximately 


_ 100 hr of operation. In this period of time, the cap exper- 


iences 6,600, 000 load or stress cycles, In Fig. 17, the low- 
er stress limit of the notched sand-cast fatigue data at this 
number of cycles is essentially the same as the lower en- 
durance limit of the permanent mold alloys. The stresses 
measured at gage 39, therefore, accounted for the fatigue 
fractures which occurred in the initial engine tests. 


Summary 


This paper has discussed the role of experimental stress 
analysis in product design. The criteria for evaluating alu- 
minum castings for fatigue was described in the case history 
of a prototype aluminum diesel cylinder block. The results 
discussed have been limited to four areas of the block, one 
of which correlated stress measurements and their interpre- 
tation with fatigue fractures which occurred in the initial 
prototype engine tests. This was the only area exhibiting 
critical stresses exceeding the allowable cyclic working stress 
of the block material. 
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AT THE CLOSE OF the first decade of gas turbine progress 
within the automotive industry, it still appears that the auto- 
motive turbine is at an awkward age. The reciprocating 
engine, particularly the diesel, is formidable competition. 
Although significant advances have been made in automo- 
tive turbine research, there have not been any startling dis- 
coveries. In fact, engines developed to date represent care- 
ful refinement of principles known to the gas turbine industry 
for 25 years or more. While not wishing to detract from the 
fact that these developments have been a great stride for- 
ward, it is significant that industry has not yet made the 
breakthrough that would give sufficient encouragement to 
warrant placing an automotive gas turbine on the market in 
competition with reciprocating engines. The engine concept 
discussed in this report contains the potential for making this 
breakthrough. 

Prior to 1957, gas turbine activity of the Ford Motor Co. 
was concentrated primarily on the design and development 
of compressor, turbine, and heat exchanger components, and 
on the construction of a low-pressure, regenerative gas 
turbine engine. While this engine indicated a potential ad- 
vantage in durability, it was significantly inferior in size 
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and fuel economy and had only marginal advantage in 
weight. Results of dynamometer testing and vehicle opera- 
tion (Fig. 1) were satisfactory, although the engine did not 
appear to offer a serious threat to reciprocating engines of 
that period. This was particularly apparent for passenger- 
car application, where a replacement powerplant would 
obsolete a vast investment in reciprocating engine produc- 
tion equipment. Without an unforeseen major breakthrough 
in the area of materials and fabrication techniques, it ap- 
peared that the gas turbine would remain a premium- priced 
powerplant for a number of years. 

Following a survey of applications offering sufficient pro- 
duction potential to interest the Ford Motor Co., it was 
concluded that if a significant breakthrough in concept were 
possible, heavy trucks would be an ideal application for the 
gasturbine powerplant. With judicious design, a performance 
advantage appeared feasible, and some weight saving could 
be expected. It was believed that, after suitable develop- 
ment, a turbine engine would have superior overhaul- life 
characteristics. The gas turbine would also then be placed 
in a market competing with premium priced diesel engines. 
For this application, however, it appeared that the fuel 
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Fig. 1—Dynamometer testing and vehicle operation 


consumption of the engine would have to be at least com- 
petitive (particularly at pard load) with existing gasoline, 
reciprocating engines, with eventual development potential 
comparable to the typical diesel-engine fuel consumption. 
The low-pressure gas turbine engine fell far short of this ob- 
jective. Based on these conclusions, an intensive search of 
many different gas turbine cycles was undertaken. 


Comparison of Gas Turbine Cycles 


To obtain a basis for comparison of each cycle under con- 
sideration, assumptions for the efficiency characteristics of 
the components comprising the gas turbine engine were made. 
Table 1 illustrates the component efficiencies used in these 
cycle analyses. In all of the cycles investigated, a maxi- 
mum single-stage compressor pressure ratio of 4:1 was as- 
sumed. The component development program previously 
described had resulted in compressor adiabatic efficiencies 
of 81.5% in 10.0-in. diameter compressor wheels at pressure 
ratiosin excess of 4:1. Computation of the Machine Reynolds 
number (Re*) for the 10.0-in. diameter research compressor 
indicated a value of 7.25x 10% Fig. 2 (1)**, infers that if 
the Re* can be maintained above 4 x 10°, compressor ef- 
ficiencies of 80% or better can be expected. Assumption of 
an adiabatic efficiency of 80% for compressor wheels down 
to 0.4 scale of the 10.0-in. wheel was, therefore, consid- 
ered'realistic. From cost and manufacturing considerations, 
it was believed that in the more complex cycles to be in- 
vestigated, both radial and axial turbine combinations would 
have to be utilized. Component testing with radial in-flow 
turbine wheels had indicated that an adiabatic efficiency of 
86% was attainable in the range of pressure ratios from 2. 5:1 
to 3.5:1. From the literature and available test data, it ap- 


** Numbers in parentheses designate References at end of 
paper. 
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a 
Table 1 - Assumptions 


Compressor efficiency 80% 
Turbine efficiency (axial) 86% 
‘ Turbine efficiency (radial) 83% 
Combustion chamber efficiency 96% 
Intercooler effectiveness 65% 
Recuperator effectiveness 715%o* 
Mechanical efficiency (bearings, windage) 98% 
Reduction gear efficiency 95% 
Maximum cycle temperature 1700 F 
Ambient temperature 100 F 
Total pressure loss (See Fig. 4) 


Accessory load 0 
Regenerator leakage Equal to 
pressure ratio (i.e. , 4% 

for a pressure ratio of 4:1) 

Recuperator Leakage 0 
Heating Value of the Fuel 18,500 
Btu/Ib 


*Unless otherwise specified. 


BEST INTERPRETATION Hill 


PEAK EFF. 
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Where: 
Re= Machine Reynolds Number 


D, = Impeller tip diameter, ft. 
U,= Impeller tip speed, ft/sec. 
P, = Air Density, Ib/ft$ 

LH, = Viscosity, lb / sec. ft. 


Fig. 2—Efficiency of similar radial compressors 


peared that this efficiency could be maintained in small- 
diameter turbine wheels, since the scale effect did not ap- 
pear to be a serious limiting parameter. However, in the 
interest of conservatism, 83% efficiency was assumed. 
Consideration of the axial-flow type of turbine indicated 
that by maintaining pressure ratios in the order of 2:1, stage 
efficiencies of 88-89% were feasible. Again, however, since 
it was believed that wheel-tip diameters would be small, 
and a minimum number of stages was desired, the axialflow 
turbine efficiency was conservatively assumed at 86%. The 
remainder of the assumptions used can be considered rela- 
tively standard within the turbine industry, with the excep- 
tion of the ambient-inlet and the turbine inlet temperature. 
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The Gas Turbine in Truck Installations 


Installation of a gas turbine engine in a truck does not 
provide an ideal air intake environment, and since gas tur- 
bines are more drastically affected by high inlet tempera- 
ture than piston engines, a conservative rating of 100 F 
ambient was considered realistic. 

With the advent of the high nickel base, superalloy tur- 
bine materials, a turbine inlet temperature of 1700 F was 
chosen, since, even for heavy truck operation, the full load 
factor is not particularly high. In the range of turbine-blade 
materials under consideration, the stress rupture properties 
are practically doubled by a reduction to 1600 F operating 
temperature. 


Design Point Study 


The method of performing the analysis consisted of cal- 
culating the engine performance, based on the assumptions 
outlined in Table 1, at various design pressure ratios. The 
data is presented graphically in Figs. 3-8, where a design 
point (full load) performance for each configuration of en- 
gine at various design point pressure ratios has been plotted. 
Thus, the resulting curves indicate the envelope of maxi- 
mum specific power, minimum fuel consumption for a given 
cycle configuration. 

Fig. 3 indicates the starting point of the study -- a re- 
examination of the low-pressure engine consisting of a 
simple-cycle, gas turbine engine with uncoupled power- 
turbine wheel compared witha simple-cycle plusregenerator 
(1) at varying design point pressure ratios and, in the case 
of the regenerative engine, varying design point regenerator 
effectiveness. From this curve, it can be seen that the 
simple-cycle engine attains a specific horsepower of approx- 
imately 85 at a pressure ratio of 6.5:1. However, from the 
fuel-economy curve, the optimum pressure ratio would be 
10:1, at which condition a fuel specific of 0.68 Ib/hp/hr 
would be expected. Understandably, the part load fuel e- 
conomy would be very poor. In the case of the regererative 
engine, a 90% effective regenerator appears very attractive; 
however, at this effectiveness the matrix size is excessive. 
Although the specific-horsepower curve peaks at a pressure 
ratio of approximately 5:1, a pressure ratio of 4:1 appears 
to be the optimum condition for this engine configuration. 

From this basic engine concept, new cycles were inves- 
tigated using combinations of compressors, intercoolers, heat 
exchangers, reheat combustion, and turbines. The config- 
uration for each cycle analyzed is as follows: 

1. Single-spool with recuperator. 
. Single-spool with recuperator and reheat. 
. Two-spool. 
Two-spool with reheat after the high-pressure spool. 
Two-spool with reheat after the low-pressure turbine. 
Two-spool with reheat after the high, and low-pres- 
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CYCLE PRESSURE RATIO 


Fig. 3—Cycle comparison 


sure turbine. 

7. Two-spool with intercooling. 

8. Two-spool with intercooling and reheat after the 
high-pressure turbine. 

9. Two-spool with intercooling and recuperator. 

10. Two-spool with intercooling, recuperator, and re- 
heat after the high-pressure turbine. 

Fig. 4 is a diagrammatic explanation of the concepts in- 
vestigated. From the description it will be appreciated that 
without recourse to the more exotic gas turbine cycles -- 
that is, closed cycle -- one significant omission is the 
variable-geometry engine. This concept was disregarded on 
the basis of early component research where variable-geom- 
etry turbines had been tested with not too encouraging re- 
sults aerodynamically and definitely poor results mechan- 
ically. In short, the "rusty gate” principle was not considered 
practical in an automotive turbine. Variable geometry in a 
centrifugal compressor is not to enticing; and since the 
axial compressor is too costly at the present state-of-the 
art, variable-geometry arrangements were completely 
disregarded. 

Summarizing the results of the design point study, it ap- 
peared that configuration 10, a two-spool, intercooled, re- 
generative, reheat cycle was the best selection for a more 
detailed part-load investigation. Figs. 5 and 7 give the de- 
sign point performance and fuel consumption of some of the 
less desirable cycles. 

As shown in Fig. 6, the specific horsepower of Cycle 10 
appeared to approach a maximum at an overall pressure 
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ratio of 16:1, and from Fig. 8, the specific fuel consump- 
tion appeared to be relatively flat from a pressure ratio of 
TABtonl Gre 
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Part-Load Studies 


Part-load studies were undertaken following design- point 
sizing of the aerodynamic components. Performance maps 
of each of the compressors and turbines comprising the engine 
cycle were constructed. The part-load performance was then‘ 
obtained by calculating a series of steady-state operating 
points down to approximately 10% of the design power. 

The off-design performance (steady-state) can be calcu- 
lated by several methods, the most expedient being to pro- 
gram the component characteristics and solve by analog and’ 
digital computer procedures. Since time precluded the pro- 
gramming of this cycle study, the off-design data were ob- 
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tained by a graphical approach. Following construction of 
operating characteristic curves for the high-pressure and low- 
pressure compressor and turbine combinations, their off- 
design performance was then combined withthe power turbine 
performance by an iteration procedure (2). 

In general, the part-load fuel consumption with decreas- 
ing load will vary much as the design point studies do with 
decreasing pressure ratio. Cycle 10 did not follow this axiom 


and part-load studies were unexpectedly discouraging in that 
the fuel consumption increased as load was reduced at an 
even more rapid rate than the low-pressure cycle engine 
(Fig. 9). 

A detailed examination of the part-load performance of 
this cycle revealed that the location of the power turbine 
resulted in the low-pressure spool turbines absorbing a major- 
ity of the available gas energy at part load, thereby main- 
taining a high compressor speed ‘and airflow. This charac- 
teristic resulted in load control by rapid reduction of cycle 
temperature. Operation of this machine in the part-load 
range was analogous to-one with a single-stage compressor. 
From these results, it was decided to reanalyze this engine 
cycle by placing the power turbine ahead of the low-pressure 
compressor turbine. Results of this analysis were significant. 
The effect of allowing .the power turbine to absorb the 
majority of the available gas energy changed in operating 
characteristics of the low-pressure spool speed, resulting in 
an independent speed relationship between the high-pressure 
and low-pressure compressors, as shown in Fig. 10. The near 
constant-speed feature of the high-pressure spool combined 
with an almost constant reheat-burner temperature and vary- 
ing airflow characteristics (for varying power requirements) 
for the low-pressure spool produced excellent part-load fuel 
economy, illustrated in Fig. 11. This arrangement attains 
minimum fuel consumption at 50% load. In addition, it was 
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Fig. 9—Comparative part-load performance 
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Fig. 10—Operating characteristics 


believed that the high idle speed and almost constant speed 
of the high-pressure spool above 30% load would result in 
improved acceleration. 


Summarizing the results of the studies, it appeared that 
an engine utilizing Cycle 11 would result in a specific- power 
output of 130 hp/lb air/sec, when compared with the low- 
pressure regenerative engine whose capability appeared limi- 
ted to approximately 65 hp/Ib air/sec. At 50% load, Cycle 
11 would attain a fuel specific of 0.395 lb/hp/hr, when 
compared with a specific of 0.75 Ib/hp/hr for the low-pres- 


sure regenerative engine. As an additional bonus, it was 
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Fig. 11—Part-load performance—Cycle 11 


conjectured that with twice as much power per pound of air- 
flow in favor of Cycle 11, a very compact powerplant could 
be attained, and since the recuperator effectiveness assumed 
was only 75%, a very compact, plate-type héat exchanger 
appeared feasible. 


Final Cycle Configuration 


Final refining of the cycle configuration before proceed- 
ing with an engine design resulted in the tabulated estimates 
of pressure loss in Table 2, together with an overall esti- 
mate of 16.8 hp for power steering, generator, air condi- 
tioning, and airbrake compressor requirements. 


Design point operating pressures and temperatures are 


Table 2 - Pressure Losses % A P/P 


Silencer 70 
Intercooler 12 
High-pressure compressor discharge duct 00 
Recuperator 35 


Primary combustion chamber 
Interturbine duct 

Secondary combustion chamber (reheat) 
Outer turbine duct 


CW (O68 OS (Ses Coe 
ro) 
=) 


Recuperator (gas side) 50 
Exhaust duct LAO 
21. 97% 
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Table 3 - Design Point Operating Pressures 
and Temperatures 


Pt Tt 
Station (psia) (OR) 
0 Inlet - silencer 14.70 560 
1 Inlet - low-pressure 
compressor 14.45 560 
2 Inlet - intercooler 57. 80 896 
3 Inlet - high-pressure 
compressor 56.00 682 
4 Exit - high- pressure 
compressor 223. 98 1085 
) Inlet - recuperator 221.74 1085 
6 Inlet - primary 
combustion chamber 220. 97 1426 
7 Inlet - hp compressor 
turbine 212.13 2160 
8 Exit - hp compressor 
turbine 84.57 1795 
9 Inlet - secondary 
combustion chamber 83.89 1795 
10 Inlet - power turbine 81.37 2160 
af Exit - power turbine 39.89 1864 
12 Inlet - L.P. compressor 
turbine 39.57 1864 
13 Exit - L.P. compressor 
turbine 15. 92 1539 
14 Inlet - recuperator 15, 92 1539 
15 Inlet - exhaust pipe 15.05 1203 
16 Exit - exhaust pipe 14.79 1203 
Mass flow 2.71 Ib/séc 
Drive shaft horsepower 300 hp 
Drive shaft specific fuel consumption 0.566 lb/hp/hr 
Fuel flow - primary combustor 112.7 Ib/hr 
Fuel flow - secondary combustor 57.0 lb/hr 
Fuel flow total 169. 7 Ib/hr 


LF ee 


shown in Table 3, corresponding to the stage locations illus- 
trated in Fig. 12. 

The final engine configuration, designated Model 704, 
resulted in a performance illustrated in Fig. 13, and repre- 
sents the fuel consumption attainable from an installed en- 
gine with engine-driven accessories. Of significant interest 
is the fuel requirement of the low-pressure 90% effective 
regenerative engine (1A) when rated at the same ambient, 
inlet, and exhaust pressure loss and the same accessory load 
as the 704 Engine. At 50% load, the low-pressure engine 
requires 0.76 lb/hp/hr of fuel compared with 0. 48 1b/hp/hr 
for the Ford 704 Engine. 
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Fig. 12—704 gas turbine engine configuration 
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Fig. 13—Comparative part-load performance , 
1A=Cycle 1 at 100 F inlet air temperature with the 
accessory load, inlet and exit loss as the 704 gas 
turbine engine : 
1B=Cycle lat 60 F inlet air temperature without 
accessory load, inlet, and exit loss 
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Fig. 14—Ford Model 704 300 hp gas turbine engine 


Conclusions 


In conclusion, it is probably appropriate to speculate on 
the possibilities of an engine of this concept, particularly 
the long-range development prospects, The engine described 
as Cycle 11 is now under development at Ford Motor Co. 
Despite what may be considered as adding complexity to an 
engine originally heralded as only having two moving parts, 
the mechanical design turned out surprisingly compact. The 
complete engine, including all accessories, ready for vehi- 
cle installation, is shown in Fig. 14. Mechanical reliability 
at the present stage of development has surpassed expecta- 
tion, and with the weight little more than 2 lb/hp, a par- 
ticularly attractive heavy-truck engine contender appears 
to be developing. 

Future potential appears even more encouraging for this 
type of powerplant. With concerted effort in the area of 
improving efficiencies of rotating aerodynamic components 
2% over those assumed in the cycle studies, fuel economy 
can surpass the present diesel engine. This, then, is our ob- 
jective as the automotive turbine enters the second decade 
of development. 
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Discussion 


Future of the 704 Gas Turbine Engine 


Dr. W. T. von der Nuell 
Garrett Corp. 


BEING UNABLE TO PARTICIPATE in this meeting, I accepted 
the invitation to comment on the Ford gas turbine paper 
which deals with one of my favorite subjects andreports about 
a development for which the Ford Motor Co. must be con- 
gratulated. 

My personal assessment of the principle selected by Ford 
was expressed in my 1957 ASME paper when I said: 

"The addition of air intercooling between compression 
stages lowers the compression work required while through 
reheating the expansion work can be increased; the cycle 
approaches more the Carnot cycle. Although the opinion has 
been expressed that this arrangement appears unlikely for 
vehicles, one may well debate this issue. For a given tip 
speed in the compressor, air intercooling leads to higher 
compression and expansion ratios which, with a given com- 
bustion-gas temperature, result in a lower temperature at 
the inlet to the exhaust-gas heat exchanger, thus not only 
simplifying its construction but also slightly reducing the 
significance of high heat-exchanger effectiveness. Naturally, 
intercooling appears simplest with gas turbines in naval] in- 
stallations where cool water is available. For certain appli- 
cations though, air-to-air intercooling seems to deserve 
close consideration. ” 

As to specific results reported by Ford, it can be saidthat, 
for instance, the compressor performance data obtained -- 
that is, “compressor adiabatic efficiencies of 81.5% in 10- 
in. diameter compressor wheels at pressure ratios in excess 
of 4:1" -- are remarkable indeed. Equally impressive are 
the power concentration, with 130 hp/Ib-air/sec, and the 
absolute values of fuel consumption over the power range 
from 10-100% output. As far as can be concluded from pub- 
lished and personal information, the Ford approach is unique 
and its progress will be observed with special interest. 

While, as the paper shows, the two-spool arrangement, 
the intercooler and the reheater and the special location of 
the torque- delivering turbine lead to remarkable character- 
istics, one can hardly overlook the fact that such a gas tur- 
bine is no longer a very simple powerplant when compared 
with other types. Nor can it be said that all components can 
easily be made to be rugged, accessible, and/or serviceable. 
The complexity, necessarily resulting from the desire for 
competitive fuel consumption characteristics, also explains 
why the power/weight ratio may not be so outstandingly more 
favorable than that of modern reciprocating or rotary engines, 


especially those now under development. 
One must probably admit that, at present, it is still very 


difficult to explain why a gas turbine should take the place 


of, say, a diesel engine embodying a comparable amount 
of novelty -- that is, risk. Also, one cannot overlook that 


it would be rather shortsighted to compare this gas turbine 


of the future, which future, in production terms, might well 
be 5-10 years away, with diesel engines now in daily opera- 
tion. It is known that given enough love through develop- 
ment efforts, the high-speed diesel engine has a long way to 
go, especially when turbocharging, charge-air cooling, im- 
proved cooling systems, and multifuel capability are included. 

Now, with respect to the fuel consumption picture, the 
Ford engineers may wellbe in « position to shed a little light 
on some pertinent questions. In all cases, the reciprocating 
engine needs a variable-ratio transmission operated manual- 
ly or automatically, with a strong trend to more and more 
automatic transmissions. In contrast, a gas turbine with a 
free-floating power wheel has a more attractive torque 
characteristic and, it has been said, would need but a sin- 
gle- or double-step reduction and reversible gearing. Have 
not some of such predictions been found to be rather debat- 
able? When using specific fuel consumption as yardstick, 
would not ton miles per time unit per Btu rather than pound 
per horsepower-hour be a more realistic yardstick? This, 
aside from initial cost and maintenance, is what counts in 
profitable trucking. From an engineering point of view, two 
other important conditions for vehicles -- namely, the ac- 
celerability and the decelerability, the latter greatly de- 
pending upon the so-called braking characteristics of the 
engine -- deserve close scrutiny. What has been termed 
"variable flow geometry” may be considered as a means of 
intluencing these characteristics of gasturbines to quite some 
degree. 

Having this meeting near the world's largest engine and 
vehicle development and production center would justify 
the expectation that this matter of how to compare sensibly 
possible vehicle powerplants of the future -- gas turbines, 
reciprocating and rotary engines -- be dealt with most re- 
alistically. Clear presentations of all known pros and cons, 
sine ira et studio, appear particularly significant for the 
benefit of government agencies concerned with the develop- 
ment of future military surface vehicles. In this context, 
the problem of vulnerability, critical material requirements, 
and greatly different maintenance equipment cannot be 
ignored. 

So, in summary and while repeating congratulations to 
the determined gas turbine engineers and their progress, may 
it be suggested that after having obtained a certain degree 
of perfection of new gas turbines for heavier vehicles, the 
question: "What is its foreseeable future?” be put high on 
the list of exchange of knowledge and opinions, even though 
we live in a time where one satellite launching may cost 
more than the entire gas turbine development for vehicles 
put together. 
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Questions on the 704 Gas Turbine Engine 


William A. Turunen 
General Motors Corp. 


THE PAPER BY MR. SWATMAN and Mr. Malohm on the Ford 
model 704 gas turbine engine represents a tremendous 
amount of work, and they are to be congratulated on the ex- 
cellent condensation of this work in the relatively brief con- 
fines of a single technical paper. 

It is interesting to note that the authors "avoided the more 
exotic gas turbine cycles" in their investigations. Exotic or 
not, the advanced concept they have chosen for development 
testifies to their engineering courage. 

In Fig. 13, the authors have compared the fuel consump- 
tion of their engine with a "low-pressure, 90% effective, 
regenerative engine. " Shown in Fig. 1 is data which shows 
the low-pressure regenerative cycle in a more favorable 
position. The upper solid curve is actual test data from the 
GT-305 engine, which has been operational for over 2 years. 
The lower solid curve compares the specific fuel consump- 
tion of the advance version of the GT-305 with the 704 en- 
gine. This indicates that the fuel consumption differences 
between these two cycles at part throttle is considerably less 
than indicated in the paper. It is interesting to contemplate 
the actual differences which will exist when test data from 
the two cycles are compared. 

In studying their paper, several questions have come to 
mind: 

1. What means and how much power is required to drive 
the intercooler fan? Where is this allowance made in the 
cycle study? 

2. What basic parameters are used for the fuel control 
systems? Are any turbine temperature-sensing elements re- 
quired? How is the fuel flow to the two burners scheduled 
with changing power level? 

3. What is the starting technique? 

4. What is the running experience with the 704 and how 
closely does data compare to the theoretical cycle analysis? 
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Author’s Closure to Discussion 


To Mr. Turunen's discussion, the answer would be as 
follows: 

While Mr. Turunen's data looks impressive, there is no 
indication of the ambient conditions and inlet and exhaust 
pressure losses under which this performance was achieved; 
also, whether any accessory load is considered. 

The data in Fig. 3, we would like to emphasize, is the 
fuel economy attainable from an installed engine operating 
at 100 deg. ambient with all accessory load -- that is, air- 
brake compressor, power steering pump, and generator. As 
we stated in the text of our paper, we penalized the Ford 
engine 16. 8 hp for these losses in the cycle studies. By com- 
parison, if the losses are disregarded, the Ford 704 cycle 
engine has a fuel economy of less than 0.4 lb/bhp-hr at 50% 
load. 

In reply to Dr. W. T. von der Nuell's comments, we 
wish to state the following: 

While Dr. von der Nuell's suggestion for arriving at a more 
realistic method of computing cost of vehicle operation ap- 
pears intriguing, instigating its adoption by the trucking in- 
dustry would, undoubtedly, be a difficult task, particularly 
since the trucker, as a potential customer for the gas turbine 
powerplant, is obviously going torequire fuel economy para- 
meters for the gas turbine which he can compare directly 
with known fuel economies for the engines which he is pre- 
sently using. 

With regard to acceleration, the arrangement of the Ford 
704 power turbine ahead of the low-pressure spool turbines 
allows variations in the turbine design which have resulted 
in improved acceleration of the compressor-turbine spool 
with resultant overall improvement in engine acceleration 
characteristics. Deceleration is a different story. This can 
be accomplished aerodynamically, but from design study 
it appears that the cost will offset the advantages. A number 
of very attractive transmission retarders are, however, avail- 
able for this purpose and appear to be the best solution 
economically. 


NOISE CONTROL is primarily a problem of reducing engine 
noise. There are, of course, other noise makers of some 
concem, but these generally do not represent a problem un- 
til engine noise is reduced. 

Vibrational disturbances are also associated with the re- 
ciprocating engine, and these contribute to the noise prob- 
lems as well as to other aspects of comfort. 

A good example of vibration and noise control of an OMC 
product is shown in the treatment of the outboard motor. It 
represents an approach which has proved to be successful and 
practical; consequently, this paper will deal primarily with 
it. Rotary lawn mower vibration and noise treatment, and 
vibration control of a three-wheeled vehicle will also be 
described. 


Outboard Motor 


The basic approach is actually rather simple. This is to 
build a sound barrier or enclosure around the engine or the 
outboard motor. In other words, as the advertising people 
like to say, “bottle up the noise” (See Fig. 1.) 
It is obvious that there are practical problems associated 
with doing this, Let's look at these and then consider them 
in detail one at a time. 
1. Effectively attaching the motor to the boat and 
enclosure, 
2. Supplying combustion air to the enclosure (reducing 
air inlet noise). 
3. Engine exhaust noise treatment. 
4. Sealing the enclosure: 
a. where the propulsion unit protrudes. 
b. for controls. 
c. for servicing. 

5. Weight considerations. 


Effectively Attaching Motor to Boat and Enclosure - The 


Fig. 1 
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purpose of the enclosure or sound barrier is, of course, to of- 
fer impedance to the noise which is radiated from the en- 
gine. To be effective there must not be a sound-conducting 
path between it and the engine, or the enclosure can be- 
come a more effective sound-radiating surface than the en- 
gine itself. This can be done, as shown schematically in 
Fig. 2, by mounting a cover to the engine with resilient 
mounts, The earliest production attempt at noise reduction 
used this method. For it to be effective, the natural fre- 
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Fig. 3— Schematic 
— cover isolated 
from motor; motor 
isolated from boat cover 


Fig. 2— Schematic 
of isolated cover 


Fig. 4— Schematic 
of motor isolated 
from boat and 


ee 


quency of the cover and mount configuration should be as 
low as possible. A poor sound-conducting material such as 
rubber should be used for the mounts. This method actually 
produces a good sound barrier for engine-radiated noise, but 
there is still a sound-conducting path to the boat. The boat 
itself is usually an excellent sound-radiating surface, and 
acts in a way similar to the violin amplifying the sound of 
a vibrating string. 

To have a really effective noise reduction system the en- 
gine must be isolated from the boat. It is done by means 
of a resilient mounting system between the motor and the 
boat, as shown schematically in Fig. 3. This results in: 

1. Comfort — freedom from annoying vibrations. 

2. Noise reduction — non-conducting path for sound. 

Fig. 4 represents schematically how the methods shown 
in Figs. 2 and 3 can be comgined. The enclosure is fasten- 
ed rigidly to the boat through a king pin or steering member, 
and can be thought of as a part of the boat. The engine and 
propulsion unit are resiliently mounted on rubber springs so 
the boat and cover are vibrationally and acoustically isolat- 
ed from the motor. 

Most important to the success of this treatment is the vi- 
bration isolation system. The design procedure follows. 

In the way of review let us look at a few basic principles. 

The usual purpose of a resilient mounting system is to re- 
duce the vibrating force transmitted to the structure support - 


ing it. The effectiveness is usually expressed as: 
Fr 
Transmissibility Cir (1) 
where: 


F. = Force transmitted 
F = Vibrating force at engine. 


The following is an expression for transmissibility for a 
single degree of freedom system without damping: 


1 
Ja (2) 


It shows how t is affected by the natural frequency. A 
plot (without regard for sign) is shown in Fig. 5. It indicates 
that in order to reduce the transmitted force, the natural fre- 
quency of the device on its resilient mounts must be low rel- 
ative to the exciting frequency (the frequency at which the 
disturbance occurs). 

To design a resilient mounting system, it is necessary first 
to determine where and how the disturbances occur, and at 
what frequency. It is also necessary to bear in mind that the 
mounts must transmit or resist other forces (Fig. 6). 

Figs. 7-9 show the exciting forces, torques, and frequencies 
for single, twin, and V-4 outboard motors, which are rota- 
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Fig. 7 — Vibratory disturbance — 
single-cyl engine 


Fig. 6 — External forces 


PRIMARY INERTIA 
FORCE AT ENGINE 


SPEED ) 
a ae 
SECONDARY seh) 


FORCE AT 2X 
ENGINE SPEED 


TORSIONAL EXCITATION 

AT 2X ENGINE SPEED 

Ely) PRIMARY INERTIA FORCES 
RESULT IN ROCKING 

(COUPLE AT ENGINE SPEED 


Ee eC 


SECONDARY ae 


FORCES RESULT IN 
SHAKING FORCE AT 
2X ENGINE SPEED 


=» 


Fig. 8 — Vibratory disturbance — 
twin-cyl engine 
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Fig. 9 — Vibratory disturbance — V4 engine 


ance other disturbances will occur in the planes of unbalance. (7) 
Fig. 10 lists the equations used to calculate the magni- 

tude of forces and couples which result from reciprocating 

motion of the pistons. where: 
Fig. 11 shows the configuration of resilient mounts used 

by OMC for twin cylinder outboard motors. In all cases rub- 


W 
ber mounts are indicated, and the axis of the schematic g 
L 
K 
r 


tionally in balance. If the engine is not in rotational bal- (Se + Kolog ) 
C.-=4" see 


W 


Weight, 1b 

386 in. /sec/sec 

Distance, in. 

Spring rate, 1b/in. 

Radius of gyration about c.g., in. 


spring represents the direction of compression and tension. 
The mounts deflect in shear perpendicular to this axis. 
For the single and twin cylinder outboard motor, the re- 


" 


ciprocating disturbances occur in the fore-aft plane. This K, = Total spring rate at 1 
plane is then of most concern, and will be considered first. Kg = Total spring rate at 2 
The mounting system can be represented in a somewhat L, and Lo are + if c.g. is between Kj and Ko 
simplified form for purposes of analysis (Fig. 12). There are Lj is - ifc.g. is above Ky 
two natural frequencies. If L1 = Lo and Ky = Kg or if KiL1= Lo is - if c.g. is below Kg 


K9L9, the system is said to be decoupled. For a decoupled 
system both the translational and rotational modes of vibra - 
tion occur independently. For any other condition, the 
modes are coupled and result at both feequencies in com- 
bined rotational and translational motion. 


For the twin cylinder outboard there is a rocking couple 
which acts at engine speed, and a shaking force at twice en- 
gine speed. Outboard motors are run at top speed about 90% 
of the time and for this condition the disturbing forces are 
greatest. Top speed is considered to be the most important 

design condition. The motor on its mounts should have a 
are) sy 
1/24 ta 1/4 + 


>| cpm (3) second mode (highest) natural frequency of, say, 1/3 or 1/4 
T 


I 


r 


that of maximum speed (about 4000-5000 rpm). 

The production twins have second mode natural frequen- 
cies of about 1200 rmp, and first mode natural frequencies 
of about 400 rpm. This results in isolation efficiencies in 
the order of 90% (or transmissibility of about 0.1) for dis- 
turbances occurring at engine speeds. Of course, greater is- 
olation efficiency results for disturbances occurring at twice 
engine speed. 


cpm(4) 


(5) Since the outboard motor speed is variable and can be 
reduced at idle to, say, 500 rpm, it appears that a problem 
of resonance would occur when the engine speed is 1200 and 

a 600 rpm. (See Fig. 5 when f/f, =1.) At these speeds, one 


would expect a multiplication of the forces (t is greater than 
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Fig. 11—Spring ar- 
rangement — twin 
cylinder engine 


1). Actually this does occur, but the disturbing forces are 
small at low engine speeds (F is a function of the square of 
engine speed), and the result is not serious. The force mul- 
tiplying effect of resonance is also reduced by damping (Fig. 
5). Beside the hysteresis of rubber, additional damping is 
provided by the lower unit being submerged. Another fac- 
tor which has a bearing on the matter is described in the 
following: 

1. When the engine runs at 1200 rpm the first order ex- 
citation which is a rocking couple should cause resonance. 
The second mode shape is predominately translational (Fig. 
13); consequently, the excitation is not significantly mag- 
nified at resonance. Actual tests show practically no man- 
ifestation of resonance. 

2. When the engine runs at 600 rpm the second order 
excitation which is a shaking force should also cause trouble, 
and does. The forces transmitted to the boat are actually 
somewhat larger for this case than for those described in 1. 
above. Actual tests do show some manifestations of reso- 
nance. The effect is not too noticeable except on light 
metal boats. The outboard motor is not run much of the 
time at low speeds; consequently, the problem isn't too 
serious. 

The same equations are used to determine natural fre- 
quencies in the lateral plane. These are of concern for sin- 
gle and twin-cylinder engines having rotary unbalance, and 
for engines like the balanced V-4 which have only a lateral 
disturbance. The lateral disturbance of the V-4 occurs at 
twice engine speed (Fig. 9). 

It is possible to use a stiffer mounting system for a V-4 
engine if the rotating parts are quite adequately balanced. 
This minimizes the problems of clearances and stability to 
propeller thrust and other external forces. The V-4 system 
is represented in Fig. 14. All three mounts are rather flat, 
and have high shear and compression rates, 

The isolation systern must also reduce the forces caused 
by torque variations. Torque variation is greatest at low 
speeds. To be effective the rotational natural frequency a- 
bout an approximate vertical axis through the c.g. must be 
1/3 - 1/4 of the lowest torque: varying frequency. The 
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Fig. 12 — Vibratory 
system 
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Fig. 14 — Spring arrange 
ment — V4 engine 


springs shown in Fig. 12 should ideally be positioned, so that 
if a couple is applied in a plane perpendicular to the axis 
of least moment of inertia (this axis is approximately verti- 
cal through the c.g.), the spring reaction causes rotation a- 
bout the axis. The equation for the rotational natural fre- 
quency about the least moment of inertia axis is: 


_ 60 " et 
i oe J cpm (8) 
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where: 


Ky = Kyd]* + Koda”... Kad, in. -1b/radian 
K = Tangential spring rate,lb/in. (all springs must be 


used) 
d = Radial distance to axis, in. 
J = Least moment of inertia in. -lb-sec” 


It is apparent that d has significant effect, and as it be- 
comes smaller, the natural frequency becomes lower. 

The rotational natural frequency of the twins are in the 
order of 350 cpm. Since minimum engine speed is about 
500 rpm, the lowest exciting frequency is about 1000 cpm. 
Isolation efficiency is about 90%. Making the system softer 
results in more rotational motion which intensifies problems 
associated with clearances, connections, controls. 

Supplying Combustion Air to Enclosure (reducing air in- 
let noise) - Original outboard motor noise reduction tech- 
niques employed an inlet silencer or muffler. Fig. 15 sche- 
matically represents the muffler and the electrical equiva- 
lent (a low pass filter). Effectiveness of this type muffler 
is limited by the volume it is practical to use. Reference 
to the electrical equivalent indicates that the capacitive ef- 
fect should be large. The problem was eliminated when a 
sealed enclosure was used, for now the enclosure volume is 
the volume C of the muffler. 

Good muffler design requires a tube L which in the elec- 
trical equivalent has an inductive effect. With the present 
system, since C is large, the magnitude of L makes very 
little difference. A sound trap of some type is all that is 
necessary. Its purpose is to allow air to enter easily and 
keep sound from coming out. A schematic of a sound trap 
is shown in Fig. 16, For a sound wave to get out it must 
bounce off many surfaces. If these surfaces are covered with 
a noise-absorbing material, the sound will be drastically re- 
duced on the way out; on the other hand, low velocity air 
for combustion can flow through easily. 
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Fig. 16 — Sound 
trap 


Engine Exhaust Noise Treatment - The exhaust from an 


outboard motor is passed under water, and is entrained in the 
slipstream of the propeller. Noise is quite adequately re- 
duced by this process; however, the slipstream is very nec- 
essary. If the engine exhaust is merely piped under water 
and is not dispersed, the gas forms a channel to the air for 
the noise to pass through. 

Sealing Enclosure - This is done where the propulsion unit 


protrudes, for controls, and for servicing. 
The enclosure must be rather adequately sealed for it to 


be effective as a sound barrier. A soft rubber seal is used on 
the lower end of the enclosure. To get some idea of the a- 
mount of motion, bear in mind that the mounts will proba- 
bly deflect a maximum of about 5/16 in. due to thrust. The 
lower mounts deflect in the direction of thrust, and the up- 
per ones in the reverse direction. There is a point between 
the upper and lower mounts that doesn't move at all. The 
enclosure should cover as much of the exhaust tube as pos- 
sible to impede noise radiated from it. Because of this it 
may be undesirable to put the seal at the position of mini- 
mum displacement, but at any position between the upper 


and lower mounts the displacement is less than 5/16 in. 
Controls are connected with universal joint type linkages 


which transmit torque but have flexibility in other directions. 


Simple rubber seals can be used. 
To facilitate servicing the engine (spark plugs, magneto), 


the upper part of the enclosure is removable. A soft gasket 
seal and over center latches are used to seal and secure it. 
Weight Considerations - The weight of the enclosure is: 
1. 15% of the total weight of the 75 hp outboard motor. 


2. 20% of the total weight of the 40 hp outboard motor. 
It seems logical to expect that the smaller motors would 


suffer a greater percentage of weight increase if the com- 
plete treatment is applied to them. The noise level of the 
smaller engines is less severe, and consequently, full treat- 
ment is not as necessary. 


Lawn Mowers 


Some of the problems of reducing noise and vibration for 
rotary lawn mowers are easier, and others more difficult to 
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lawn mower P< d,' 


solve, but the approach is basically the same. 

The noise sources are: 

1. Engine noise - radiated, air intake, and exhaust. 

2. Blade noise. 

Engine noise, both radiated and air inlet, is reduced by 
the same method used with outboard motors. That is, the 
engine is surrounded by a sound barrier or enclosure, and is 
vibrationally and acoustically isolated from it, and from 
the main housing (Fig. 17). The isolation system is actually 
rather easy to design provided the springs can be loactedrad- 
ially close to the center of gravity. 

The disturbances are shaking forces occurring at engine 
speed and twice engine speed, and a varying torque. The 
minimum torsional frequency occurs at engine speed (for a 
two-stroke engine). The disturbing forces act in line with 
the piston. The Lawn Boy engine runs at a governed speed 
of about 3000 rpm; consequently, the minimum disturbing 
frequency is 3000 cpm for both shake and torsion. Three or 
four rubber springs constitute a practical mounting system, 
and it is usually possible to place them in the plane of the 
c.g. Fortunately, the line of action of the exciting force 
acts very nearly through the c.g. Asa consequence, the 
only modes of vibration that are of any concern are those 
occurring in a horizontal plane through the c. g., and the 
rotational about a vertical axis through the c.g. 

It is fairly easy and practical to achieve a decoupled sys- 
tem in this case. One way is to use three mounts of the 
same spring rate Ky and place them 120 deg apart at the 
same radial distance from the c.g. The vibratory system 
has decoupled modes, if.a force applied through the c.g. of 
a body in any direction causes only translational motion. The 
translational natural frequency is determined by: 


60 Kg 
Se 9 
fn On W cpm ( ) 
where: 
W = Weight, Ib 
g = 386 in. /sec2 
K = Total spring rate in horizontal plane, 1b/in. 
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The natural frequency should be 1000 cpm or lower for 
an engine speed of 3000 rpm or higher. The rotation nat- 
ural frequency about a vertical axis through the c.g. should 
also be 1000 cpm or lower, and is determined by: 


K 
60 t 
=) 0 
foR = on j cpm (10) 
where: 
v 2 2 RR : 
Ky = Kyd1° + Kodo” ... Kpdn* in. -1b/radian 
J = Mass moment of inertia about vertical axis through 


€.g. int -lb-sec® 


A good procedure to follow is: 

1. Decide on the horizontal natural frequency, and solve 
for spring rate K. 

2. Use the same natural frequency for rotational motion, 
and solve for d. 

Practical limitations may force a different approach, but 
the designer has considerable latitude. 

If rubber sandwich type mounts are used, they can be po- 
sitioned to be in shear for horizontal forces, and in com- 
pression for the weight of the engine. This results in good 
stability. 

Since the natural frequencies are in the neighborhood of 
1000 cpm, resonance will occur at that speed. A governor 
on the engine will generally drive it through the critical 
speed quickly enough, after starting, so as to not cause seri- 
ous problems, 

The cooling air can be ducted to the engine, or away 
from it, or both. If it is ducted away, the air in the en- 
closure can also be used by the engine for combustion. A 
sound trap is used where the air is brought into the enclosure. 
On the Lawn Boy mower, the cooling air is discharged into 
the mower housing which is itself a fairly good sound trap. 

Exhaust noise is treated with a two-stage muffler. Its 
principle of design is the same as for the air inlet silencer 
(Fig. 18). 
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Total noise reduction for the lawn mower has been lim- 
ited by blade noise. Several years of research work were 
spent in an attempt to reduce noise, and not compromise 
cutting and delivery characteristics; but the results are still 
negative. Any noise-reducing scheme tried to date has re- 
sulted in poorer cutting or delivery. The only practical al- 
ternative at this time is to turn the blade at a lower speed 
since the noise increases rapidly with rpm (Fig. 19). 

The Quietflite mower has about 30% reduction of overall 
noise compared with the previous model. Fig. 20 shows 
noise data which was taken by an independent acoustical 
consultant. 

The effect of vibration reduction is also quite apparent 
to the operator of the mower. 


Cushman Truckster Vibration Reduction 


The truckster is a three-wheeled vehicle powered by a 
single cylinder 4-stroke engine (Fig. 21). The original me- 
chanical drive system can be simply represented as shown 
in Fig. 22, The power frame which contains the engine, 
transmission, drive shaft, differential, axle and two rear 
wheels is fastened to the main frame at the rear with a leaf 
spring and was fastened at the front with a ball and socket 
joint. This provided a flexible suspension system, but al- 
lowed engine vibrations to be transmitted to the main frame. 

Fig. 23 shows a method of resiliently coupling the power 
frame to the main frame. It serves the same purpose as the 
ball and socket joint and also reduces transmitted vibration 
due to inertia forces. The power frame which is pivoted on 
the axle, and restrained resiliently by a spring at the rear, 
is also resiliently restrained to rotational motion about the 


axle at the front. 
The power frame with the engine located remotely from 


the pivot (axle) (Fig. 23) seems natural for a center of per- 
cussion-type mounting system. (A dynamic force through 
the center of percussion perpendicular to a line through the 
pivot and c.g. will not transmit a force at the pivot.) If 
the natural frequency of the frame about the pivot is low 
relative to the disturbing frequency, and the disturbing forces 
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Fig. 21 — Truckster 


act at or near the center of percussion, the forces can be 
effectively isolated from the main frame. 

The minimum vertical exciting frequency occurs at en- 
gine speed. The lowest engine speed is 800 rpm. A natural 
frequency of 1/3 of 800 rpm would be desirable, but diffi- 
culties with stability and excessive static deflection of the 
front mount prevented this. The actual natural frequency 
is in the neighborhood of 400 cpm. It should be less than 
800/V 2 or 570 cpm, if force multiplication while opera- 
ting at 800 rpm is to be avoided. (See Fig. 5.) 

Since the vibratory mode is rotational, the following equ- 
ation applied: 


fi= as — cpm (11) 


Ky = KL2, in-1b/radian 
Distance from spring to axle, in. 


= 
i} 
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Fig. 24 — Vertical vibratory motion — driver’s seat 


J = Polar moment of inertia about axle, in. -Ib-sec2 


K Spring rate in vertical direction, 1b/in. 


Reduction of torsional disturbances was not considered a 
problem, since it appeared that the power frame would not 
readily transmit torsion to the main frame. 

The engine is designed with about 60% overbalance and, 
consequently, there is a lateral disturbance. Lateral isola- 
tion is not too good at low speeds, but is effective above en- 
gine speeds of 1500 rpm. 

Fig, 24 is a plot of vertical vibratory motion (measured 
at the operator's seat) comparing before and after results. 

The rubber mount is positioned so it isolates in shear. 
Thrust to the main frame is carried in compression. Reverse 
loading (due to braking and backing up) is carried in tension. 
Fig. 25 shows how vertical and reverse deflection is limited. 
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Fig. 25 — Truckster resilient mount 
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Pump and Generator 
Noise Reduction 


Robert K. Teter 
Textron, Inc. 


THE PROBLEMS encountered by the Outboard Marine Corp. 
in silencing outboard motors and rotary lawn mowers are 
very similar to those met by Homelite in attempting to re- 
duce the noise level of engine generators sets. 

The work done was in two areas - military and commer- 
cial. The most intensive work was in connection with gen- 
erators used for military purposes. In this, the objective 
was to make the sets as close to inaudible as possible with- 
out hurting the performance and without increasing the size 
and weight beyond the point of portability. 

As in the noise reduction of outboard engines and lawn 
mowers, the logical first step was to build an enclosure. 
Since the output was in the form of electricity, it was pos- 
sible to use a completely tight enclosure except for a pas- 
sage for air to enter for cooling and combustion and a pas- 
sage for the cooling air and exhaust gases to leave the en- 
closure. The enclosure was made of sheet aluminum and 


236 


was lined with a layer of mineral wool; all the passages were 
also lined with this material. This reduced the radiated 
noise considerably. However, it was also necessary to iso- 
late the generator set from the enclosure to prevent the noise 
from being transmitted to the enclosure and radiated from 
there. In some silenced sets this was done by using our con- 
ventional steel spring supports and placing the complete set 
on a plate resting on a pad of mineral wood. The set was 
allowed to float freely during operation and there was pro- 
vision made for clamping the set tightly during transporta - 
tion. This was effective in keeping the transmitted noise to 
a minimum but had other disadvantages. It was usually 
found desirable to remove the set from the enclosure when 
it was transported any distance and, consequently, there was 
extra time required to install the set in its enclosure when 
it was to be operated. To overcome this difficulty our more 
recent designs have had the generator sets supported by 
rubber vibration mounts attached to the floor of the enclo- 
sure. By using snubbers on the mounts it was possible to 
transport the generator set in its enclosure and by moving the 
engine controls to the outside of the enclosure it was possi- 
ble to perform all steps of starting, operating, and stopping 
the generator with a considerable reduction in noise. 

The principal noise source besides the radiated and trans- 
mitted noise mentioned above was the engine exhaust noise. 
This was minimized by using a conventional type of muffler 
which was discharged either into a second mufiler or into a 
chamber of the enclosure which reduced the noise still fur- 
ther. The other noise sources such as the air intake noise 
were sufficiently suppressed by the enclosure so that in most 
instances nothing else was done to suppress them. 

In working on this problem no attempt was made to ar- 
rive at a mathematical solution of how the enclosures should 
be constructed, or of what the spring rate of the rubber 
mounts should be. Instead we worked under the premise that 
best results would be obtained by (1) making the enclosure 
as large as possible without sacrificing portability, and (2) 
making the air passages as long and narrow and with as many 
bends as possible without detrimental effects on the opera- 
tion of the engine. The selection of rubber mounts was 
based on the manufacturers weight rating. However, the 
method outlined by Mr. Mohr for designing a resilient 
mounting system could very readily be applied to this prob- 
lem and would possibly result in a considerable improvement. 

Several sizes of generators have been silenced in the 
manner described above and in some cases there has been 
a reduction in the overall sound level of better than 20 db. 
In all cases the chief obstacle to further improvement is the 
problem of cooling. Since the cooling fan of the engine 
was also used to provide the air circulation for the enclosure 
the primary consideration was to make the airflow as effi- 
cient as possible. 

In the commercial aspect of silencing, an effort was 
made to reduce the noise of generators and also pumps used 
by public utility companies while working in city streets. 
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An enclosure was made in the form of a box which could 
be placed over the generator or pump. The amount of 
noise reduction obtained by the drop-over box was not as 
great as for the tight box used for the military sets. We 
were still exceeding even the most lenient of loudness cri- 
teria, but even this reduction was helpful. These criteria 
vary depending on conditions such as the background noise. 
When emergency work is done at night in a residential area, 
the background noise practically disappears and no matter 
how quiet an engine generator set is, it is still too noisy. 
On the other hand, during the daytime in a street with 
heavy traffic even an unsilenced set does not arouse any 
complaints. 

The drop-over box never was widely used, partly because 
it was not as effective as required for all conditions and be- 
cause the public utilities were unwilling to sacrifice the 
space on their trucks required for the box. Recently, the 
problem is being solved by trying to reduce engine noise 
without an enclosure. For example, in the case of pumps 
a considerable reduction of noise is obtained by simply run- 
ning them at a slower speed. In addition to this, a con- 
stant effort is being made to reduce the noise of the chief 
source, the engine exhaust muffler. 

To summarize, the problems encountered in generators 
and pumps fall into the same categories as those encounter- 
ed in outboard engines and lawn mowers and the solutions 
are the same as outlined by Mr. Mohr: 

1. Bottle up the noise. 

2. Reduce the air intake noise. 

3. Reduce the exhaust noise. 

4. Reduce the other noises (which would correspond to 
the blade noise of a lawn mower) such as engine fan noise 
or brush noise in a generator. 


Sources of Outboard 


Motor Noise Level 
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THE FUNDAMENTAL mathematics and principles of vibra- 
tion and noise control in this paper will help the engineers 
of the outboard motor, lawn mower, and motor scooter ve- 
hicle industries, This discussion will be confined to a brief 
analysis of some of the sources of outboard motor noise level. 

We do not think that Mr. Mohr has done justice to his 
first statement, "Noise control is primarily a problem of re- 
ducing engine noise." He then states that to solve the prob- 
lem his company built a sound barrier or enclosure around the 
engine. It isdefinite that ifthe outboard motor becomes the 
well-behaved powerplant that the automobile engines have 
become, it willhaveto have a true noise reduction program 
performed upon it in which the sources of engine noise are 
eliminated or drastically reduced. 

The modern two-stroke cycle outboard motor, with its 
1 hp/in. 3 specific output, is a first-class noise maker. A 
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few of the prime reasons for this are the following: 
Exhaust blow-down pressure. 

Lightweight structure. 

Caged antifriction bearings. 

. Entrained lubrication. 

. Flywheel siren effect. 

Exhaust Blow-Down Pressure - A two-stroke cycle engine 
delivers a power stroke every downward stroke; therefore, the 
only time for charging the cylinder with fresh fuel-air mix- 
ture and exhausting the charge previously burned is near bot- 
tom dead center. In its simple form, the two-stroke cycle 
engine opens exhaust ports prior to the time of the intake 
port opening and approximately 20 deg earlier than a four- 
stroke cycle exhaust valve opens. For this reason, the ex- 
haust gas pressure at the time of port opening is considerably 
higher than it is in four-stroke cycle engines. This, of 
course, leaves high energy in the exhaust gas, and only by 
drastically and quickly cooling the exhaust gas can the noise 
level be controlled at all. The outboard motor is fortunate 
in having a plentiful supply of water when it is operating so 
that the exhaust gas can be cooled quickly and distributed 
under water surface. 

Lightweight Structure- Every effort is made to increase the 
specific power output of outboard powerheads, at the same 
time reducing their total weight. A 63.3 cu in, engine has 
recently been certified at 75 hp at 5200 rpm and, in com- 
plete and running condition, weighs 85 lb. These power- 
heads are made up of die case aluminum castings through- 
out and are subject to the inherent unbalance of the parfic- 


Op OO NH FH 


ular engine design, since aluminum is not a particularly 
good damping material; and since it is supplied in as light- 
weight sections as possible, the structure itself contributes 
drastically to the total noise level. 

Caged Antifriction Bearings - It has been found necessary 
to supply connecting rod bearings and main bearings of the 
antifriction type as specific outputs have been increased. It 
has also been proved advantageous to use caged rollers or 
balls in these antifriction bearings rather than using full 
complement structures. This is because the full complement 
bearings have double rubbing velocity at adjacent surfaces 


of rollers or ball bearings and heat is generated at a greater 
rate than when cages separate the individual rolls or balls. 


Our three-cylinder engine has a total of 310 loose bearing 
parts in the main and connecting rod bearings. These consist 
of 284 rollers for connecting rods, wrist pins and center 
mains; 16 ball bearings in the top and bottom mains; six 
connecting rod bearing cages; and four center main bearing 
cages. 

Some 6-cyl two-stroke cycle engines have over 400 loose 
rollers in the crank train bearings. These loose hardened 
steel parts operating at engine speeds up to 5500 rpm create 
a great mechanical clatter. 

The action of the connecting rod cages contributes to the 
noise, since the centrifugal force at the crank radius is 
greater than the centrifugal action of the cage itself turning 
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at half-engine speed upon the crankpin. Therefore, as the 
cage rotates upon the crankpin due to the planetary action 
of the rollers between the crankpin and the connecting rod 
bearing surface, the halves are thrown in and out against the 
rod or against the crankpin, thus contributing to the noise. 

Entrained Lubrication - Since the crankcase of a two- 
stroke cycle engine is used as an air pump for charging the 
combustion chamber with fresh fuel-air mix, advantage is 
taken of this fact to secure simple structure by mixing the 
lubricating oil with the fuel and delivering it to the crank- 
case entrained in air. It has been proved that lubrication of 
the antifriction bearings in two-stroke cycle engines is large- 
ly a result of evaporation of the fuel from the fuel-oil mix- 
ture whicn impinges upon the rotating parts, leaving a film 
of oil on the bearing surfaces adequate enough to prevent 
metal-to-metal galling. Due to the fact that the airflow 
velocity through the crankcase of wide-open throttle, high- 
speed conditions is high enough to keep most of the fuel- 
lubricant mixture entrained in the air and carried into the 
combustion chamber, lubrication becomes less adequate at 
wide-open throttle than at low-speed or low-throttle condi- 
tions. Under no circumstances are the bearing surfaces sup- 
ported on a film of lubricant as in plain bearings. Thus, 
sparse lubrication at wide-open throttle conditions and only 
sufficient lubrication to prevent galling leaves the metal sur- 
faces free to pound upon each other and generate a high lev- 


el of noise. 
Flywheel Siren Effect - In order to provide a lightweight 


source of electrical current for electric starting motors, fly- 
wheel alternator generators are used in most modern out- 
boards. Twelve magnets and 12 pole pieces passing each 
other at 5000 rpm generate considerable siren effect due to 
deflection of the coil pole pieces. In addition to this, the 
starting motor ring gear has approximately 90 teeth passing 
in close proximity to other metal surfaces which are station- 
ary. This, too, adds to the total siren effect. 


Reducing Airborne 


Engine-Radiated Noise Cecil R. Sparks 


Southwest Research Institute 
THIS PAPER presents an interesting and informative dis- 
cussion on several valuable techniques for controlling noise 
and vibration problems inherent in reciprocating engine- 
driven equipment. 
While the vibration problems treated in this paper lend 
themselves well to the direct analytical approach because 
of the lumped constants of mass stiffness and the rest, the 


suppression of radiated airborne noise from the complex me- 
chanical structure involved unfortunately does not lend it- 


self to such a rigorous approach. Thus, some comment may 
be warranted in further description of the methods employed 
in reducing this airborne engine-radiated noise. 
The difficulty encountered in an analytical approach to- 
continued on page 282 


FROM FOUR PLIES TO A SINGLE PLY IN STEEL 
CORD CASING TIRES 


TO SPEAK OF "STEEL-CORD" tires is to touch upon a very 
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important step in the evolution of pneumatic tires. In fact, 
one almost could apply to tires. Darwin's Theory of Evolution 
because tires, like living organisms, have become more and 
more complex in their construction as the operating condi- 
tions with which they have to cope have become more and 
more varied. In consequence, the "Steel-cord" tire consti- 
tutes not exactly a “revolution” but rather an adaptation of 
tire technique to the ever-changing and increasingly expen- 
sive conditions imposed by road transportation. 


Exacting Demands of Economical Transport 


Beginning some years before the last war we have seen, 
under the constant need for less expensive transportation, 
higher vehicle speeds, longer hauls, ever-increasing pay- 
loads followed by a vast increase in the volume of goods 
carried by road. Tires, in their turn, hadto be stronger, safer 
and, to carry a given load, of the smallest physical dimen- 
sions possible. Drivers, especially on long hauls, demanded 
a more comfortable ride and the more intensive running and 
use of vehicles posed problems of deterioration of vehicle 
components. 


Problem of Tire Temperature 


As everyone knows, the principal problem encountered in 
tires is that of heat generation and high internal temperatures 
- especially for truck tires used on long hauls. Conventional 
truck tires with textile casings have, for example, 12, 14, 
or 16 plies. During every wheel revolution every element 
of the tire is distorted as it comes under load and the distor- 
tion causes a slight relative movement between all the plies. 
Although slight, these constantly and rapidly repeated move- 


mat Ye Ve | 


Manufacture Francaise des Pneumatiques, Michelin 


ments can cause, especially in a heavily loaded tire, a rise 
in internal temperature as high as 230 F (well over the boil- 
ing point of water). Obviously, the greater the tire load, and 
the greater the speed the greater is the rise of tire 
temperature. 

Further, because textile casing materials are poor con- 
ductors of heat, the parts of the tire reaching the highest 
temperatures are in the flexion area near the beads and in 
the tread shoulder or buttress area (where the heat is "pock- 
eted"). The result of this heat generation and high temper- 
ature in textile tires is a loss of tensile strength in the casing 
cords and a softening of the rubber compounds which im- 
pregnate the plies and bond together the various tire com- 
ponents; the tire is no longer “of one piece,” so to speak. 
A relatively slight external shock, quite harmless to a cool 
tire, can cause dislocation of the casing; a single ply may 
be ruptured, but such a local rupture rapidly spreads through 
the whole casing thickness, culminating in a blown-out tire. 
Quite a high proportion of textile casing truck tires, in all 
parts of the world, thus perish before their treads are worn 
out. 


Make Shift Solution 


Improvement in textile casing materials and rubber com- 
pounds, better able to withstand the effects of high temper- 
atures, did not keep pace with vehicle improvements. The 
lag was such that, long years ago, because it was impossible 
to design a satisfactory big single tire to carry a heavy load, 
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dual tires had to be used. Duals thus took the place of sin- 
gles because the smaller dual tires, having less plies than the 
number needed to make a sufficiently strong big single, ran 
at a much lower, and relatively safe, equilibrium temper- 
ature. This is mentioned in passing simply to underline the 
inertia effect of habit because, in spite of the great progress 


made in tire construction, we still see used the dual tire 
solution which dates from 1908! 


Story of Fight Against High Tire Temperatures 


The unceasing increase in vehicle speeds and axle loads 
forced, nevertheless, parallel evolution in pneumatic tires. 
One solution was to use fewer casing plies because it is, as 
already mentioned, mainly interply movement which causes 
heat generation and high temperature; further, with many 
plies and correspondingly thick tire walls, heat cannot es- 
cape. Decreasing the number of plies means increasing the 
tire section -- which has the additional advantage of giving 
better heat dispersion by radiation. Increased tire section 
also meant, for a given tire load, a lower pressure. In fact, 
it is unnecessary and undesirable to retain the same pressure 
as was needed for the equivalent high-pressure many- plied 
tire. Unnecessary because the bigger section permits of 
carrying the load at a lower pressure while still having a safe 
working deflection in the tire; undesirable because a high 
pressure would impose too much tension on the cords of the 
reduced number of plies. 

This was the way in which the first truck tire evolved -- 
for example, the old 34 x 7 high pressure replaced by the 
"fatter" 9.00 - 20 at a lower pressure. There are obvious 
limits to this approach; when high tire loads are involved, 
the physical dimensions necessary for such low-pressure tires 
would rule out their use. It thus becomes necessary to devel- 
op tires having high load ratings without increase of section. 

From 1934, tire technicians turned their attention toward 
the use of new materials for casing construction and, since 


that time, rapid and parallel evolution by the chemists has 
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led to periodic reassessment of the situation. Rayon and all 
other feasible textile materials -- man-made or natural -- 
have been tried and tested. Today, the gradually improving 
textile casing materials, found to be practical for general 
use, lose less of their tensile strength than formerly at the 
temperatures reached in tires; however, their “cold” strength 
has changed but little and in consequence no substantial re- 
duction in the number of casing plies is possible. 


Birth of Steel-Cord Casing 


As early as 1934, the Michelin technicians made up their 
minds to take a decisive step in the development of truck 
tires and set about tackling the problems of using steel as a 
casing material because: 

1. Steel is as strong at 250 F as at 60 F. 

2. Its inherent tensile strength would permit using only 
2 or 4 steel plies instead of the 14, 16, 18 -- or even more 
-- cotton or rayon plies needed (Fig. 1) 

With steel they were combating, at one and the same 
time, the source of heat generation and its harmful conse- 
quences. 

It should be mentioned here that the idea of a steel-cord 
casing was not by any means new -- it was as old as the 
pneumatic tire idea -- because the use of steel was foreseen 
in the famous Thomson patent which was the origin of the 


pneumatic; but tire technicians spoke of the use of steelonly 


as being something beyond the bounds of possibility (Fig. 2). 
After prolonged research, Michelin technicians managed to 
make steel cords and build them’‘into tires which were as 
supple as textile tires but incomparably stronger. They also 
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mastered the problem of bonding rubber compounds to steel; 
the bond proved to be stronger than that obtainable with 
cotton or rayon. 

In 1936, the first steel-cord tires were used on the rail- 
cars which ran on the French railways (the tires, of small 
section, actually ran on the rail-head); but it was in 1937 
that the first steel-cord tires were put into commercial serv- 
ice on highway vehicles. Demand soon exceeded supply -- 
and that remains the situation to this day. In 1939, the first 
"metallic" tires (as they were called) were sold in New York 
and, during the war years, several thousand such tires were 
running on American highways. 

The first "metallic" tires had 4 casing plies for the larger 
sections and only 2 for the smaller truck sizes, but later on 
it was found possible to make even stronger steel cords with 
an even greater tensile strength (ultimate tensile 326,000 Ib 
or 163 American tons/sq.in.). This allowed the making of 
a complete range of 2-ply steel-cord casing tires upto 12.00 
- 20. It is tires such as thése which are giving highly suc- 
cessful results, not only on many American roads, but all 
over the world. 


Birth of “X” Tire 


So far, we have talked only about steel-cord tires which 
have, as their main distinguishing feature, steel casing cords; 
they are built up, like conventional tires, with crisscross 
casing cords -- but they are designed in the light of the 
strength of the casing material used: that is, steel. I wish 
to speak now of the new step forward in tire conception -- 
made some years ago in Europe -- which now extends to the 
United States. I want to speak about the "X" tire; its devel- 
opment was made possible by our experience with the use 
of steel cords in tire construction. Contrary to the general 
belief that the "X" tire, with its single casing ply, is the 
logical continuation of our progress from multiple textile 
plies to only 4, then to 2, steel-cord plies, I must point out 
that the radial ply steel-cord casing tire is the product of 
a quite independent and parallel research. 

Quite early research (1930) on passenger-car tires, with 
the object of improving comfort of ride by lowering tire pres- 
sures, had brought out the importance of "road-holding” or 
"road-behavior" of the car (not to be confused with tire grip 
or adhesion); in other words, the role of the tire in the 
"precision" with which a car can be driven. These studies 
led to an analysis of the effect of casing-cord angles, and 
in 1937, to the development of the so-called "Pilote” tire 
which has casing cords with an obtuse cord angle (we have 
seen, of recent years, the blossoming of this principle in 
your country -- known as low-profile tires). In particular, 
our research demonstrated that at the same time as this type 
of tire construction improved the "road-behavior" of the car, 
there was a marked reduction in the rate of tread wear. 

Logically, it then became a question of pursuing this 
research to the limit, in order to arrive at the optimum 
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in "road-behavior" and the associated advantage of lower 
rate of tread wear. The discovery of the effect of the "archi- 
tecture” of a tire on its qualities and behavior led to a com- 
plete reassessment of the arrangement of its component parts 
-- to the application of a principle, dear to Descartes -- to 
make a clean sweep of all previous thinking. 

Bearing in mind the two associated tire qualities already 
mentioned (maximum precision in driving and minimum rate 
of tread wear), it was possible to direct the studies of our 
tire technicians in two directions: 

1. To design a tire best able to cope with load and speed 
while at the same time giving a comfortable ride. 

2. To design a tire least susceptible to tread wear. 

That is exactly what was done with the "X" tire; the re- 
quired qualities and roles of the casing walls and of the tread 
were studied separately (Figs. 3 and 4). The wall plies were 
developed with an “archwise” arrangement of the cords -- 
laid on the shortest path at right angles from bead to bead. 
This allowed the casing cords to work in the most "rational" 
fashion possible when under the action of load and to cope 
safely with high tire working deflections. Further, when the 
casing is distorted under load, there is hardly any distortion 
transmitted to the tread (as is the case with conventional 
tires). 

On the other hand the tread, while being very flexible 
longitudinally, is made rigid laterally by a triangulated ar- 
rangement of the three steel-cord crown plies; this prevents 
deformation ("creep" or "shuffle") of the tread in the road 
contact area. 

What is the contribution made by Steel Cords in this 
matter? 


Fig. 3 — Casing walls of “X” tire 
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1. In the casing it has permitted, by judicious choice of 
the steel cords used, the use of only one ply for the whole 
range of "X" tires. We are making at present, for example, 
quantities of Earth Mover tires up to the 27.00 - 33 and those 
have a single steel-cord casing ply. 

With only one ply there is a complete absence of the shear 
or conflicting forces between plies which exist in all mul- 
tiply tires -- there is, therefore, much less internal heating 
and less loss of power due to tire “drag” or "tractive resis- 
tance." Any heat which is generated in "X" tires is easily 
dispersed and dissipated through the thin but strong walls, 
and this dispersion is aided by the good thermal conductivity 
of the steel casing cords. 

2. In the tread, it is the inherent qualities of the steel 
cords of the crown plies which have given the tread, in the 
highest degree, the characteristics which were sought. 

It is thus quite evident that it is indeed "steel-cord tech- 
nique'’ which has permitted the successful "blossoming" of 
the "X" tire and its development to include the very large 
tires now made. 

I shall confine my remarks to the Steel-cord "X” (or 
"radial casing") tire; this is, after all, the optimum reached 
in the domain of truck tire design and is at present being 
studied ‘by all important tire manufacturers. 


Advantages of Steel-Cord Tires for Users 


Let us begin by examining what advantages are reaped 
by users from the use of "X" or "radial" tires. There, in the 
final analysis, should lie our main preoccupation. 

Increased Load Carrying Capacity - In selling an "X" tire 
to a user, one provides him with the possibility of increasing 
the payload carried by a given size of tire, thanks to the 
most effective use in the "X" tire of its component parts and 
constituents, If one compares the published ratings for tires 
of the same section, it is seen that "X" tires come definitely 
in the “high load capacity” category (Fig. 5). A user may 
thus use "X" tires to carry extra payload (within the limits 


Fig. 4 — Tread of “X” tire 
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of state regulations, of course) -- or, if he does not wish, 
or is unable, to increase his payload, he may reduce his tire 
costs by fitting an "X" tire of smaller section than his pre- 
sent conventional tires. For example, it will be seen from 
Fig. 5 that 8.25 - 20 conventional tires can he replaced by 
7.50 - 20 "X." 

Increased Running Speeds - It is interesting to compare 
the equilibrium temperatures reached by tires of different 
types during running at various speeds. The graph (Fig. 6) 
is, of course, only one of many. One could argue about the 
figures in view of the variety of running conditions and sizes 
of tires in use. But, taking one case of operation on main 
highways, for example, one finds enormous differences in 
tire temperature. If one took as a criterion of safe operation 
the equilibrium temperature reached, the differences in 
permissible speeds would be very considerable’ 

It would be seen, for example, that with a given textile 
tire, a temperature of 248 F is reached at 43 mph, whereas 
with an "X" tire the temperature is only 220 F at 68 mph, 
all other things being equal. It is, of course, understood that 
other factors may cause variations to the results quoted and 
I underline the fact that they must not be taken as absolute 
values. Nonetheless, itis quite evident that the cool-running 
properties of tires of “radial” construction and with only one 
casing ply do permit their safe operation at higher speeds. 

For this reason, in Germany, where there is a lot of heavy 
transport on the Autobahnen, we have been led to state offi- 
cially that the ratings of our truck "X" tires up to 14. 00 - 20 
are suitable for sustained speeds of 62 mph. Increased pay- 
loads and increased speeds -- thanks to "X" tires -- leadto 
a reduction in the cost per ton/mile and to more efficient 
use of vehicles. It is, in fact, safe to say that many opera- 
tors have already proved that the use of "X" tires has made 
an important contribution to the profit-earning possibilities 
of their undertakings. 

Increase In Tread Life - The very pronounced stabiliza- 
tion of the tread of an "X" tire, due to the 3 steel-cord tri- 
angulated crown plies, cuts out, as already stated, the 
“creep” or "shuffle" of the tread in the road contact area 
Our studies of the behavior of treads, linked with out studies 
directed toward a reduction of tread wear, demonstrated the 
marked effect of these movements on rate of tread wear. 
In particular, we observed (without being surprised) the 
enormous reduction in sate of tread wear when triangulated 
crown plies were introduced. 

It is possible to say, today, that the tread life of X truck 
tires is -- all other things being equal -- one and a half to 
two times as long as that of the best conventional tires. All 
operators know that the purchase price of a tire must be 
viewed in the light of its mileage performance. In the final 
analysis, it is not the purchase price which matters so much 
as the cost per tire-mile. In Europe, we have proved cases 
of main highway operation where the tire- mile costs have 
been halved by the use of "X” tires. In other areas with 
winding and hilly roads where tread wear is the preponderant 
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factor, "X" tires have reduced the former cost per tire-mile 
by two-thirds. 


Excellent "Road-Behavior" of Vehicle and Tire Grip Even 


on Snow and Ice - Certain factors, which do not apply in all 


countries and which depend both upon the temperament of 
the driver and on the road conditions, might well be con- 
sidered at this stage. In many European countries a great 
deal of importance is attached to vehicle behavior; this, in 
our opinion, is entirely justified because the safety of the 
driver and vehicle depends upon good vehicle behavior; 
owners and drivers have a right to expect it. 

Now, the very marked stabilization of the crown of "X" 
tires, linked with the immunity of the tread from trans- 
mitted casing distortions, results in a very pronounced re- 
duction, compared with conventional tires, in the "devia- 
tion” from the steered path caused by external lateral forces 
(wind and centrifugal cornering forces). This results in a 
much improved directional stability of the vehicle and gives 
greater precision to driving, whether on main highways 
(where overtaking must be accurately judged) or on winding 
roads, of which we have so many in Europe. Further, "X" 
tires ensure the best road grip possible -- a valuable quality 
when emergency braking is necessary. This excellent grip 
is obvious especially on wet road surfaces, because the tread 
movements in the area of road contact (which, with ordinary 
tires, constitute in effect a commencement of tire slip) are 
almost entirely absent in the "X" tire. 

During bad weather conditions with snow or ice on the 
roads, "X" tires have built up a reputation for safety and 
stability. In fact, in certain countries where the authorities 
on contemplating regulations regarding tires, users are pres- 
sing for "X" tires to be included with heavily patterned ones 
as being entirely suitable for snow conditions. 

Question of Comfort - We have already mentioned the 
increasing emphasis placed upon the comfortable ride which 
operators demand (among other characteristics), from their 
tires. The low equilibrium temperatures reached in "X" 
tires have permitted their use at higher working deflections 
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than those possible with conventional tires. The curves (Fig. 
T) show the comparative working deflections of two differ- 
ent 11.00 - 20 tires -- one a conventional and the other a 
steel-cord "radial." It will be seen, for example, that at 
a tire load of 7000 Ib, the "X" tire has 1/2 in. greater de- 
flection. As soon as "X" tires were put on the market, this 
quality of greater comfort or "protection" was remarked upon 
by users. 

Actual measurements of vibratory energy transmitted in 
the vertical plane by various types of tires -- including "X" 
-- have been made, and the results are shown in Figs. 8 and 
9. These measurements were made in a manner which reg- 
istered only the suspension effect of the tires; the effect of 
the road springs, which varies from vehicle to vehicle, was 
eliminated. The test vehicle was run in each case over the 
same 2-mile stretch of road at a constant speed of 30 mph. 

The energy transmitted through the tires can be compared 
by measuring the area between the upper datum line andthe 
curves. In this particular case, ‘it is seen that, in descending 
order of vibratory energy engendered, the comfort increases 
when one passes from conventional rayon or nylon tires to 
"X" tires. Fig. 8 shows the test results with the vehicle 
loaded. Fig. 9, much more impressive, shows what happened 
with the vehicle unloaded with the tire pressure left at the 
loaded pressure values. The very marked difference between 
the protective qualities of the various tires and the signifi- 
cance of this requires no emphasis. We all know of the 
complaints of drivers "returning empty." Bounce, bad road 
holding, and noise. In this context of comfort, mention 
should be made of the small buildup in pressure of "X" tires 
during running because they run cool; this also contributes 
to better comfort. 
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Savings in Vehicle Repairs and Maintenance - Information 


obtained from operators proves that spring breakages and body 
damage caused by vibration have been greatly reduced, sim- 
ply by use of the “radial” tires. This means marked savings 
on vehicle repairs. Let me quote the experience of one 
French operator: 

Records kept of 900,000 miles running showed that, over 
the same routes, the replacements of complete road springs, 
which was 1.8 springs per 62,000 miles, fell to 0.29 springs 
per 62,000 miles after "X" tires were fitted -- 6.2 times 
less. Further running accentuated the advantages of the "X" 
tires because, after 1,260,000 miles, spring replacements 
fell from 6.2 to 9. 8 times less than before "X" tires were 
used. 

Another case investigated revealed the following 
facts: 

Whereas in 1954 road spring breakages cost the user 20 
cents per kilometer, in 1955 on the same routes with the 
vehicles operating from the same base, the change to "X" 
tires brought the figure down to 10 cents per kilometer -- a 
reduction of 50%. 

It is quite understood that these figures are valid only for 
a particular case -- that is to say, one must not conclude 
that the use of ordinary tires inevitably causes road spring 
breakages. Rather, one should say "When there are road 
spring breakages there are less when "X" tires are used.” 
In any case, it can be claimed safely that "X" tires on a 
truck, used under the conditions stipulated by the truck 
manufacturer, afford better protection to chassis and body 
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Fig. 10 —“X” tire retracting under shock 


even if, prior to the changeto "X" tires, there was no prob- 
lem of broken road springs, lost studs, nuts, or bolts. 

Immunity from Shock on Bad Roads - Another advantage 
arising from the big working deflection of "X" or "radial" 
tires shouldbe pointed out here -- their immunity from shock 
damage. One of the first reactions to "X" tires which we 
encountered -- particularly in the less-developed countries 
-- was the fear that the single- ply walls would provide only 
flimsy protection against the shocks and cuts normally 
experienced. 

It is well known that, to withstand a shock, an object 
must be either very hard, yet elastic, so as to repel all the 
energy of the shock, or very yielding, so as to absorb the 
shock. (The difference between hitting a golf ball and 
punching a pillow!) 

Taking the first choice, in the case of the pneumatic tire 
the method adopted isto increase the number of plies (which 
may have harmful consequences in other directions) and to 
thicken up the side wall rubber in order to increase the re- 
sistance and elasticity. In the second case, the necessary 
protection is provided simply by so designing the tire that 
the walls "retract" under shock, thus almost completely ab- 
sorbing the energy of the shock. That is precisely what 
happens with "X" tires (Fig. 10). Experience has in fact 
proved, statistically, that the incidence of wall damage due 
to shocks and cuts is rather less with "X" tires than with 
others. Finally, when the walls of "radial" tires are damaged, 
repair is easier than with other types of tire. 

Saving in Fuel Consumption - When a vehicle is running, 
its tires, like all other moving parts, consume a certain a- 
mount of energy. It is this consumed energy which makes 
the tires hot and it arises from three main sources: 

1. Distortion of the tire due to its deflection under load. 

2. The “creep” or “shuffle” of the tread in the road con- 
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3. Distortion of the tread and casing caused by driving 
or breaking torque, cornering forces or any other factor im- 
posing a slip angle on the tires. 

This energy expended in the tires varies according to the 
load and pressure and with the type of tire construction -- 
its "architecture." The "X" tire, lighter and having only 
one casing ply, offers the least resistance to flexion and, in 
consequence, consumes less energy when running. This is 
evident from the figures of equilibrium temperatures quoted 
earlier. Fig. 11 gives a comparison between a nylon casing 
tire and an "X" type steel-cord casing tire. 

The energy consumed by the tire when running -- much 
greater in the case of the tire of classic design than in the 
case of the "X” -- is converted into heat. This difference 
in the amount of energy consumed is reflected in the tem- 
peratures reached by the tires and in the fuel consumption 
of the engine. For example, at 45 mph an 8.25 - 20 "X" 
tire has a rolling resistance of 19 lb/ton, whereas for a con- 
ventional tire of the same size, the figure is 25 lb/ton. 
Translated into power, this means thatthe "X" tire consumes 
3.5 hp, or 45% more than the "X". 

Other cases, investigated in France and elsewhere, lead 
to a similar conclusion: "X" tires consume less energy and 
have a higher efficiency as transmitters of power than other 
types of tire. In England, for example, an important manu- 
facturer of engines -- obviously interested in obtaining the 
maximum miles per gallon -- made closely controlled tests 
at constant speeds of 30, 45, and 60 mph with the results 
shown in Fig. 12. 

Other undertakings (vehicle manufacturers and operators) 
have found an improvement in mpg with "X" tires varying 
about 11%-16%. Obviously, such improvements obtained 
during controlled tests will be less marked for the "give and 
take” conditions of ordinary vehicle operation where random 
factors (which are not present during controlled tests) can 
influence the results obtained. Nonetheless, it is quite com- 
mon to find, in big fleets using "X" tires, a reduction of 
fuel consumption of the order of 6%- 8%. 
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In the light of the foregoing facts, one may legitimately 
claim that the combination of steel-cords and the new type 
of tire construction opens up a rosy perspective for any ve- 
hicle operator who is interested in reducing his running costs. 

It is unfortunately true that operators are sometimes sub- 
jected to restrictions which are not always in the interests 
of the most economical transport; this explains why there 
is often a lag in the wide application of technical progress. 
Yet there remains the hope -- and we see already sings of 
its coming true -- that in the long run progress will prevail. 


Advantages of Steel-Cord Tires 
for Vehicle Manufacturers 


The following examination of certain other advantages 
of steel-cord tires of "X" type construction, is directed 
mainly to vehicle manufacturers. It is obvious that these 
latter, like ourselves as tire makers, should constantly bear 
in mind the interests of their customers. In this context, one 
has only to observe the feverish efforts in design and project 
offices to bring out some changes, each year, even though 
they be only of detail, which will improve the performance 
or the appearance of the vehicles to be marketed during the 
next selling campaign. 

For a long time, both vehicle manufacturers and users 
have looked upon tires as mere accessories -- like head- 
lamps or generators -- but we are happy to note that nowa- 
days, the "education" of users in tire matters is having its 
effect and much more attention is being paid to the article 
which, in the final analysis, ensures the liaison between the 
vehicle and the road. This sometimes means more worries 
for the vehicle manufacturer whose life is made the more 
complex when he is well meaning, but sometimes inept 
State legislation concerning vehicle design and use is grafted 
on to his more normal technical problems. 
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Fig. 13 — Selection of tire size for axle load of 11-ton tire in 
single formation 


Let us see how "X" type tires can help vehicle manufac- 
turers in rethinking some of their more fundamental prob- 
lems. The use of higher ratings for tires of the smallest 
feasible dimensions permits, in particular, alteration of road 
spring arrangement. Springs can be more widely spaced and 
vehicle stability thus improved; the center of gravity can be 
lowered; the unspr ng mass can be decreased. Body design 
is also influenced -- less space taken up by wheel-arches, 
as an example, in one European country where the indivi- 
dual legal axle load is 10 tons, we are faced with two al- 
ternative tire solutions (Fig. 13): 

First Solution - Duals - As already mentioned, this is the 
first to come in mind -- from force of habit. For 10 tons the 
conventional equipment is 11.00,- 20 14-ply rating. The 
overall width over dual tires is 24.2 in. The free radius is 
21.2 in. (42.4 in. overall diameter). The laden radius is 
20.0 in. (Tire deflection 1.2 in.) Inflation pressure is 90 lb 
for 50 mph. The weight of the rotating assembly (2 tires and 
wheels) is 540 Ib. 

The "X" dual solution is 10.00 - 20 "X". Overall width 
over twin tires is 22.8 in. Free radius is 20.8 in. (41.6 in. 
overall diameter). Laden radius is 19.1 in. (tire deflection 
1.7 in.) Pressure is 100 lb for 62 mph. Weight of rotating 
assembly (2 tires and wheels) is 503 lb. Already it is evident 
that the “X" dual solution has certain advantages (Fig. 14): 

1. At the same load higher speed is possible (62 versus 
50 mph). 

2. The working deflection of the "X" is greater at 100 Ib 
than that of the conventional tire at 90 lb -- therefore, 
better protection of vehicle and load. 

3. The center of gravity is lowered by the difference in 
laden radii by nearly an inch. 

Any vehicle design men will agree that such a reduction 
in height of center of gravity is important from the point of 
view of road behavior of a vehicle and during acceleration 
and braking, especially when little can be done to change 
the "hook-up" between chassis and body. The difference in 
width over twin tires is not far short of 3 in. (2.8 in.), so 
the road spring centers could be widened by this amount, 
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thus contributing, like the reduction of height of center of 
gravity, to better vehicle stability. If we consider a 2-axle 
truck, the total weight of 6 rotating assemblies is reduced 
from 1890 to 1720 Ib -- a saving of 170 lb or 9%. This must 
be reflected in a reduction of power less, less wear and tear 
of vehicle components and improved fuel consumption (Fig. 
15). 

Second Solution - Singles - This merits our consideration 
because the advantages it brings can, in some cases, out- 
weigh any apparent "snags" (Fig. 13). In this case, the 
single tire is the 14.00 - 20 "X". The section is 16. 8 in. 
The free radius is 27.0 in. (54 in. overall diameter)? Laden 
radius is 24.4 in. (working deflection 2.6 in.). Inflation 
pressures is 105 lb. The weight of the rotating assembly (one 
tire and wheel) is 464 lb. Compared with the conventional 
dual solution, the disadvantage of increase (height of the 
center of gravity with 14.00 - 20 "X" singles) is compen- 
sated by the enormously increased truck spring and hub spac- 
ing made possible (14.8 in. increase). 
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Fig. 14 — Example of comparative fit- 
ment — “X” and conventional 


Again, even at 105 lb inflation, the deflection of the 
single is much greater; hence, a more comfortable ride -- 
especially at 62 mph, the permissible sustained speed for 
the "X". The reduction of unsprung mass on the rear axle 
(2 tires and wheels 14.00 - 20 "X" compared with 4 tires 
and wheels 11.00 - 20 conventional) is about 150 lb. The 
unequal loading between the two tires of a dual assembly 
is absent. 

Rolling resistance, which was mentioned earlier when 
discussing the advantages of "X" tires for users, is less with 
singles than with duals; it is obviously of interest to the ve- 
hicle manufacturer to have his engine losing less of its out- 
pub in tires, thus having extra power available for more use- 
ful purposes! 


“X” Tire and Common Good 


Before concluding, I should like to convey a thought 
which is not customary to touch upon in the context of a 
technical paper; yet I want to mention it because of its real 
importance for a country such as mine. 

In effect, for any country which has no domestic produc- 
tion of rubber or tire textile materials -- as is the case for 
many European countries -- the "X" tire constitutes a means 
of spending foreign currency to the best advantage for the 
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Fig. 16 — Raw materials used in a tire for a 5-ton payload truck 
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Fig. 17 — Comparative working deflections 


purchase of all those imported constituants necessary for tire 
manufacture. For example, a 5-ton truck could be equipped 
with either conventional 9.00 - 20 tires or 8.25 - 20 "X". 
The table in Fig. 16 shows a comparison of the weights of 
the various constituents necessary for those two tires. How- 
ever, we have shown a mere 35% increase in mileage for 
the "X" tire, whereas users’ experience has shown that the 
increase may vary 35-90%. 

In my country, foreign currency must be used to buy 
rubber, carbon black, and the materials needed for making 
rayon. It is evident, from the figures quoted for our 5-ton 
truck, that the performance of the conventional textile tires 
requires 67% more foreign currency than does the "X"; in 
other words, for the same expenditure of foreign currency 
the conventional textile tire only gives 60% of the mileage 
Ores oun. 

Recent tests made in various countries -- and which have 
been very actively pursued in the United States (I am think- 
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ing of your WASHO Road Test and of AASHO) -- have re- 
vealed the concern of governments on the subject of road 
development and more particularly the "preventive protec- 
tion” of roads. There again, the "X" tire scores and we have 
not yet seen the full extent to which it may benefit road 
systems. The problem of roads and*the factors involved in 
their deterioration is very complex and still very much under 
discussion. I propose, therefore,- for the sake of simplicity, 
to deal with only two aspects: namely deterioration in depth 
and wear of surfaces. 

Deterioration in Depth - Among the several factors re- 
sponsible, we are obliged to include the axle weights of the 
vehicles using the roads. One cannot prove that the destruc- 
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Fig. 20 — Comparative intensity of road surface loading 


tive effect is directly proportional to the axle load or to 
some power of the axle load, but it is reasonable to admit 
that axle load and destructive effect vary in the same sense. 
Everyone agrees that it is a question of axle load and not of 
the total weight of the vehicle. 

Has it occurred to many people, in the light of that pos- 
tulate, that when it comes to distribution of gross vehicle 
weight, the arrangement made possible by designing for 
single tire equipment all round instead of duals rear (which 
gives a 50-50 distribution front and rear) is much to be pre- 
ferred from the point of view of road deterioration in depth? 
With singles we have 50% front and 50% rear; with duals we 
have 33% front and 66% rear. .For example, with 12 tons gyw, 
the maximum axle load with single tires is approximately 
6 tons; the maximum axle load with twins rear is 8 tons. 

The relatively small physical dimensions of "X" tires for 
a given load facilitates their use for such single tire equip- 
ments. In this matter of deterioration in depth, the dynamic 
behavior of the tire is equally important; the fact that the 
steel-cord "radial" tire can safely be used at a high working 
deflection results in smaller dynamic loads being exerted 
on the road surface. 

In spite of higher inflation pressures, both “metallic” 
tires (with crisscrossed plies) and, in greater degree, "X" 
tires have larger working deflections than equivalent textile 
tires (Figs. 17 and 18). Further, a comparison of the areas 
of road contact of different types of tires carrying the same 
load also shows the "X" in a favorable light (Fig. 19). 

It is seen that the intensity of road surfaces loading is 
lowest with the "X" and, therefore, the least harmful in 
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depth (Fig. 20). Included are some observed results of tests 
made when a tire was run over an obstacle; these tests were 
carried out because of the opinion expressed by some people 
that the stabilization of the "X" tire tread results in the tire 
striking any obstacle hard, thus tending, by reaction, to 
drive the obstacle into the road surface. Quite apart from 
the question of road preservation -- we can assume that the 
roads in question have good surfaces and no obstacles -- we 
can state categorically that the dynamic forces, both verti- 
cal and horizontal, engendered when a tire passes over an 
obstacle, are better "spread" and of lower intensity with 
"X" tires than they are with tires of other types (Figs. 21 
and 22). 

Deterioration of Surface - Among the factors revealed 
as being responsible for wear of road surfaces, speed and 
acceleration appear at the top of the list. This raises a point 
which we should pause to ponder: namely, if there is wear 
of one or the other of the two elements in contact (road sur- 
faces and tire), there must be relative movement between 
them. Now, it would be extremely difficult to measure the 
amount of road surface wear, but it is an easy matter to 
measure the amount of tread rubber worn from tires. It seems 
reasonable to admit that if a certain type of tire, such as 
the "X", loses a less weight of tread rubber, of a given qual- 
ity than do other types then, reciprocally, it must wear 
away less of the road surface. 


Practical Application of High 


THE PURPOSE of this paper is to explore the possibilities 
of high-temperature carburizing as a practical process, and 
to present some of the interesting results obtained while e- 
valuating these possibilities. High temperature carburizing 
is considered to be at 1800 F or above, as it is recognized 
that considerable gas carburizing is being done at temper- 
atures from 1700 F to approximately 1775 F. 


Historical 


During the early history of the carburizing process, pack 
carburizing or carburizing in compounds was widely used. 
In more recent years, gas carburizing has become the more 
popular method. 

When pack carburizing was almost a universal practice, 
it was generally followed by subcritical cooling and subse- 
quent reheating for hardening. This was done for one or both 
of two reasons: (1) proper disposition of excess carbon in the 
case or refinement of grain structure which had become 
coarsened during carburizing treatment, (2) relative ease of 
cooling the material in the box rather than attempting to re- 
move the parts from the box at high temperature with atten- 
dant disagreeable handling of hot carburizing compound. 

In view of the usual need for one and possibly two reheat- 
ing and quenching operations, there was some tendency to 
raise carburizing temperatures to as high as 1800 F. This 
higher temperature became an economic consideration in 
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pack carburizing, primarily because of the exceedingly long 
time required for heating. The carburizing compound pro- 
vided good insulation and greatly slowed down the rate of 
heating the parts. Results, generally, indicated that when 
temperatures were 1800 F or below, grain structure was sat- 
isfactory following a subsequent single reheat for hardening. 

With the acceptance of gas carburizing, the need for 
heating the carburizing compound was eliminated and time 
required for carburizing was considerably reduced. The work 
was heated and carburized in open loads on trays or in bas- 
kets. The process began to receive more close attention, 
particularly with respect to temperature. It became a com- 
monly accepted practice to carburize at temperatures sel- 
dom exceeding 1750 F and generally not exceeding 1700 F. 

Many reasons can be given for adopting these maximum 
heating temperatures. Some of these reasons are still valid. 
Others are a continuation of practices which were set up, 
due to limitations of the equipment or the processed work, 
to successfully and economically withstand carburizing tem- 
peratures above 1700 or 1750 F, Suitable heat-resisting ma- 
terials were lacking for furnace construction. Carbon con- 
centration control was difficult to attain. Distortion result- 
ed from non-uniform heating or improper design of work 


Temperature Gas Carburizing 


supports, 
Rates of Carburizing 


Raising temperatures of gas carburizing materially in- 
creases the rate of carbon penetration of diffusion into the 
steel. In Fig. 1, the curves show theoretical total case 
depths to original carbon for various,holding times at tem- 
peratures of 1700, 1850, and 2000 F. These curves illus- 
trate the greatly accelerated rates of carbon diffusion that 
can be expected as the work temperature is progressively in- 
creased into the range now being considered for high-tem- 
perature carburizing. These increased rates are potential 
process timesavers. 

Fig. 2 illustrates a very practical chart for establishing 
carburizing time at any selected higher temperature using 
the known time at 1700 F for a base figure. The apparent 
advantage is a substantial time saving. However, the actual 
time at carburizing temperature is only one of several fac- 
tors affecting the overall evaluation of the gas carburizing 
process from a practical and economical standpoint. 


Carbon Control 


The iron-carbon equilibrium diagram and the associated 
equilibrium diagrams for the many carburizing grades of al- 
loy steels tell us that increasing temperatures, in addition 
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Fig. 1—Theoretical case depth versus time (total case depth 
—time at temperature) 
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to increasing the rate of diffusion of carbon in steel, also 
noticeably increase the amount of carbon which can be tak- 
en into solid solution while at carburizing temperature. 

Fig. 3 shows the rather disturbing prospects of high tem- 
perature carburizing without too much carbon control. Three 
1 in. diameter x 6 in. long SAE-4620 test bars were carbu- 
rized at 1700, 1850, and 2000 F. Identical treating cycles 
were used consisting of 4 hr at carburizing temperature, plus 
1-1/4 hr furnace-cooling to 1550 F and then aircooling to 
room temperature. 

Fig. 4 shows photomicrographs of these test bars. Note 
the important considerations; (1) the grain size at each of 
the carburizing temperatures, and (2) the excess carbon in 
the high-temperature samples as evidenced by carbide pre- 
cipitation within and around the grains. 

The question of carbon control becomes one of the im- 
portant considerations in high-temperature carburizing. 
While there may be some instances where surface carbon 
concentration and the accompanying type of carbon gradient 
through the case is not important, this certainly is not true 
for the vast majority of carburizing applications. Theérefore, 
any consideration of the use of high temperatures must take 
into account the rather rigid specifications set up by most 
ultimate users of carburized work; namely, suitable depths 
and gradients and carefully controlled surface carbon con- 
tents in the range of 1% carbon, or under. 

Fortunately, extensive work has been done during the past 
several years on the subject of carbon control in gas carbu- 
rizing atmospheres. There are relatively few heat treating 
facilities today where carburizing is being carried on with- 
out some well-understood method for applying surface car- 
bon control. The carburizing potential of furnace atmos- 
pheres is being controlled by measuring and adjusting water 
vapor content or dew point, carbon dioxide content or other 
well-publicized methods. 

Most of these control methods were worked out in connec - 
tion with the normal carburizing temperatures of 1700 F, or 
under. Naturally, some questions arise as to how success- 
fully they may be applied when and if higher temperatures 
are utilized. Admittedly, there are unusual problems en- 
countered in carbon control at higher temperatures. These 
problems are not insurmountable, however, and excellent 
results have been obtained in laboratory test work and in pro- 
duction facilities. There is no reason to believe that high- 
temperature carburizing cannot be made subject to the same 
limits of carbon control now specified at so-called "normal" 
carburizing temperatures. 

As previously mentioned, there are several methods for 
maintaining the carbon potentials of furnace atmospheres 
at desired levels. For purpgses of description, only one of 
these methods will be considered here: the use of dew point 
or water vapor content in the atmosphere gas as a determin- 
ing factor, 

Fig. 5is a chart showing the theoretical amounts of water 
vapor required for carbon balance when using one type of 
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Fig. 3—Case depth versus carbon concentration 
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Fig. 4—Photomicrographs (originally magnified 100 times) 
carburized case of SAE 4620 steel 4 hr at indicated 
temperature 
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Fig. 5 — Equilibrium dew point versus % carbon in austenite 
endothermic base gas — 20% CO — 40% H. — 40% N, 


endothermic generator gas at temperatures of 1700, 1850, 
and 2000 F. The relationship between the dew point in the 
furnace atmosphere and the carbon content has been found 
in practice to be in quite close agreement with these equi- 
librium figures. The chart shows that the limits of control, 
as determined by variations in moisture content of the gases, 
become extremely narrow at 1850 F, and even more so at 
the higher temperatures, This same narrowing of limits of 
control is as much or more evident when other methods of 
carbon control are utilized. It becomes a matter, then, of 
greatest importance to carefully consider the severity of this 
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problem and to consider equally as carefully the selection 
of heating cycle and related process techniques in order to 
produce the desired end result. 


Practical Application 


How can we best recognize and utilize the techniques 
which are so pertinent to good results when high-tempera - 
ture carburizing is used? One practical example might be 
cited. A heat treat specification was presented which called 
for carburizing SAE-1022 steel gears at 1850 F. The speci- 
fication included holding the surface carbon concentration 
at 0.95 +0. 06% carbon and a total case depth of 0.075 in. 

Fig. 6 shows a case depth - carbon concentration curve 
obtained from a test bar run through a furnace on a trayload 
of production test gears which were carburized to meet this 
specification. This curve illustrates that the problem of sur- 
face carbon control can be kept well in hand during high- 
temperature carburizing. 

The type of carburized case represented by the curve is 
indicative of results obtained by using the "Carburize-Dif- 
fuse" technique. This is in keeping with the most acceptable 
method now used at 1700 F. The optimum depth relation- 
ships between hardenable case and total case must be main- 
tained even though the ultimate maximum allowable carbon 
content of the case is well below the solubility limit. In or- 
der to do this, the furnace atmosphere must be held at high 
carburizing potential for a time, followed by control at a 
lower or diffusion potential to finally establish the specified 
surface carbon. 

This particular test program specified lowering the tem- 
perature to 1650 F and equalizing, followed by aircooling to 
room temperature. The final heat treatment is induction 
hardening of the tooth areas. This specified treatment per- 
mitted taking advantage of rapid rates of carburizing at 1850 
F in the high carbon potential atmosphere, followed by dif- 
fusion in an atmosphere of lower carbon potential during 
cooling to, and equalizing at, 1650 F. The time-temper- 
ature cycle is shown in Fig. 7. For an interesting compari- 
son, the broken line curve in this figure shows the approxi- 
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Fig. 6—Production carburizing test — 1850 F SAE 1022 gears 
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Fig. 7—Comparative time — temperature cycles for equivalent 
case depths 
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Fig. 8—Photomicrographs (originally magnifified 100 times) 
carburized case and core SAE 1022 steel gears (from 1850 F 
production test) 
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mate time cycle required to diplicate the results at a maxi- 
mum temperature of 1700 F. 

The photomicrographs in Fig. 8 show the case and core 
of the SAE-1022 steel following the carburizing and cooling 
cycle described above. The case and core of this material 
show mixed grain size with some duplexing. It was the o- 
pinion of processors of these gears that 3 hr carburizing at 
1850 F exerted no unduly bad influence on the grain size of 
this material as compared with 1700 F carburizing. 

In subsequent production load tests, SAE-1024 and SAE- 
1024, modified steel, gears were carburized to the same 
specifications with similar results, After hardening, all these 
gears successfully passed the physical and mechanical tests 
regularly applied after 1700 F carburizing and surface 
hardening. 


Present Status of High-Temperature Carburizing 


Carburizing at 1850F has not been adopted as a result of 
these tests. The production tests which have been described 
refer to only a relatively small percentage of the total car- 
burizing production. A variety of different steels must be 
carburized and tested including SAE-4027, 4620, 4815, 5120, 
and 8620 grades, Case depth specifications run from about 


254 O. E. CULLEN 


a ss ES ne 


Table 1 - Production Capacities for Various Case Depths 


Production Problem No. 1 - 0.100 in. Total Case Depth 


Carburizing Temperature 
(Time in Hr) 


Cycle 1700 F 1800 F 1850 F 
Heat 3.00 £B)5 PAS) 3.50 
Carburize 16.00 8. 00 5.75 
Cool to 1550 F 1.50 2. 00 Van ores 
Total Hr 20. 50 tone 11.50 
Time % vs Time at 1700 F, % 100 65 56 
Net Load (100% at 1700 F), % 100 85 70 
Net Efficiency, % 100 130 125 


Production Problem No. 2 - 0.075 in. Total Case Depth 


Carburizing Temperature 


(Time in Hr) 

Cycle 1700 F 1800 F 1850 F 
Heat 3. 00 Bh 2S) onO0 
Carburize 9. 00 4. 00 2.90 
Cool to 1550 F 0) 2. 00 Phe, PAS 

Total Hr UBS. BO 9325) 8.60 
Time % vs Time at 1700 F, % 100 68 64 
Net Load (100% at 1700 F), % 100 85 70 
Net Efficiency, % 100 125 110 


Production Problem No. 3 - 0.045 in. Total Case Depth 


Carburizing Temperature 


(Time in Hr) 

Cycle 1700 F 1800 F 1850 F 
Heat 3. 00 BAD 3.00 
Carburize 3h, PAS) 0 . 60 
Cool to 1550 F i, OO) 2. 00 PS PAS) 

Total Hr 15-19 6. 45 GRSS 
Time % vs Time at 1700 FF, % 100 83 82 
Net Load (100% at 1700 F), % 100 85 70 
Net Efficiency, % 100 102 86 


rr aL ee 


0.045 in, to about 0.100 in., read to original carbon. Some cessing time at high temperature. 

of these carburized parts are aircooled and reheated. Others This continuing program is similar to problems being 
are direct quenched after lowering the temperature of the carried on by several other companies and is clear evidence 
work to 1550 F. These latter are of special interest from of the interest in the potentialities of high temperature car- 


the standpoint of any metallurgical problems related to pro- burizing. Also, it is evidence of the commendable caution 
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and soundness of approach with which we in this country ap- 
praise process changes when quality or economies of pro- 
duction may be affected. 

At some point, and preferably early in this investigation, 
the economics of the process must be determined. To dem- 
onstrate the need for this information, we must first assume 
that the product quality has been proven to be satisfactory 
at the temperatures used. Furthermore, we must assume 
that suitable heat treating equipment is available. We be- 
lieve this latter can be accepted as fact for any temperature 
likely to be used. 

These items relate directly to ultimate decisions: 

1. Temperature for carburizing. 

2. Case depth. 

3. Heating and cooling time. 

4, Net to gross furnace load. 

Temperature and case depth will fix the time for carbu- 
rizing and this time will decrease as higher temperatures 
are used. Heating and cooling time will depend upon the 
geometry of the work and character of the load. Also it 
will change with the temperature of carburizing used. The 
net to gross furnace load will generally decrease with in- 
creased temperatures due to additional fixturing of the work 
and lighter loading because of natural decrease in strength 
of trays and fixtures. 

Table 1 illustrates typical comparative data relating to 
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estimated production capacities for identically sized furn- 
aces when operated at temperatures of 1700, 1800, and 
1850 F, . with carburizing cycles established to produce 
0.100, 0.075, and 0.045 in. total case depth. 

A complete cycle analysis of this type, based on well- 
grounded experience or actual experimentation, should al- 
ways be a preliminary step in a projected program for pro- 
duction carburizing at high temperatures. It brings the 
tempting advantages of phenominal carburizing rates into 
their true perspective in the overall picture. 

It will be appreciated that the time values at carburizing 
temperatures are fixed, but heating and cooling times will 
change to fit particular conditions, Also net load percent- 
ages will vary somewhat depending upon the geometry of 
the work, its loading characteristics and the heat treating 
facilities considered for the job. 

The above study was chosen for presentation because it 
represents a reasonably average picture of a number of stud- 
ies carried on by different investigators. It appears to con- 
firm the majority of opinions regarding the present practical 
potentials of high temperature production carburizing: 

1. An operating temperature of about 1800 F usually re- 
sults in optimum efficiency from the production standpoint. 

2. A minimum total case depth of about 0.075 in. is 
required to show worthwhile economic advantages over 1700 
F carburizing. 


Vehicle Steering Fundamentals 


THE BEHAVIOR of the wheeled vehicle in response to steer- 
ing is influenced by many factors. It is the purpose of this 
paper to summarize these factors and to point out the part 
that each plays in determining the lateral motion of the ve- 
hicle as it travels along a curved path. 


Steering angles determined in accordance with the Acker- 
mann theory of divided axle steering must be modified to 
account for the effects of tire slip angle. Tire slip angle, 
with its accompanying self-aligning torque, is modified by 
braking and traction effects, tire construction, and camber 
effects. 


In addition to tire forces, the vehicle is subject to aero- 
dynamic and inertial forces. Load transfer, arising from ve- 
hicle roll, gives rise to changes in tire cornering power by 
causing both camber changes and variations in tire loading. 
The effects of aerodynamic forces are strongly influenced 
by vehicle static margin and the position of the neutral steer 
line. Wheel alignment, and rear end roll steer effects also 
affect vehicle behaviour. 


The effect of these forces and torques upon the basic 
Ackermann response is discussed in this paper. Also included 
are discussions of various steering gear mechanisms such as 
the worm and sector, worm and roller, and worm and nut, 
the effect of steering errors introduced by incorrect steering 
geometry, and the characteristics of steering phenomenon 
such as low and high speed wobble. 


The highlights of linear system theory, borrowed from 
the aeronautical field, are summarized briefly at the close 
of the paper. 
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STEERING ANGLES IN ACKERMANN STEERING 


Fig. 1 — Ackerman Steering relations 


Ackermann Steering 


The divided axle steering system used in motor vehicles 
was invented in 1817 by Lankensperger, a Munich carriage 
builder. This steering system has come to be known as the 


Ackermann steering system in English speaking countries. 


Charles Jeantaud, a French carriage builder, refined this 
mechanism in 1878, by noting that the axis of the wheels 
must meet at a common point if the vehicle is to turn a cor- 
ner without slipping. 

Correct Ackermann steering during a turn requires that 
each wheel turn about a point which is located on a exten- 
sion of the rear axle center line (see Fig. 1b). Accordingly, 
the relation between the front wheel steering angles, a for 
the inner wheel, and 8 for the outer wheel, is 


Ww 
Cot Ss—= cota, = = 


(1) 


where w is the distance between the vehicle steering pivots 
and 1 the wheel base. 

It is common to designate the radius of curvature about 
which the vehicle turns merely as, 


padi tet ncisgy: 9 
se SilaSe ono ) 


Accordingly, 


(3) 


a |e 


is the so-called Ackermann steering angle, utilized in anal- 
yses of the vehicle lateral stability. 

If the values of 8, produced by the steering linkage fora 
given value of a, are compared to the theoretical Acker- 
mann values it will be seen that they agree in the straight 
ahead position and at one other value of a. For small an- 
gles the angle of the outer wheel produced by the steering 
linkage is somewhat too large, while at larger angles this 
angle is too small. 


Steering Gears 


For control of the vehicle, it is necessary to convert the 
rotational motion of the steering wheel to the linear motions 
of the steering linkage which in turn moves the front wheels. 
This conversion is carried out by the steering gear which is 
ordinarily fixed to the bottom of the steering column. 

The steering gear (Fig. 2), has two main functions. It 
converts rotary motion of the steering wheel into linear mo- 
tion of the steering linkage and it also serves as a reduction 
gear between steering wheel motion and the front wheels. 
Typical gear ratios are 14/1 or higher and the total motion 
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Fig. 2 — Steering linkage with intermediate knuckle arm 


of the front wheels is about 80 deg, for a light passenger car. 

A number of types of steering gears have been or are be- 
ing built. Early designs included worm and gear, worm and 
sector, and worm and nut types. Skew and bevel gears have 
also been used. 

Present steering systems, which are evolved from these 
basic designs include; cam and roller, cam and lever, and 
worm and nut types. The first two of these are derived from 
the worm and sector types. In the place of the worm sector, 
the cam and roller type employs a roller attached to the pit- 
man arm shaft, while the cam and lever type utilizes a fol- 
lower in the place of the sector gear. 

Another design, used abroad, consists of a rack and pinion 
mechanism. Here, rotational motion of the steering wheel 
is converted to linear motion by the meshing of a pinion on 
the steering column with a rack which slides transversely a- 
cross the vehicle. 


Wheel Alignment 


Wheel alignment is the process of keeping all the inter- 
related parts of the unsprung mass properly adjusted. Five 
factors, described below, must be properly chosen to obtain 
proper wheel alignment (see Fig. 3). 

Toe-Out - Toe-out describes the process by which the 
proper Ackermann effect is obtained. An examination of 
an Ackermann diagram (Fig. 1b) shows that the steering arms 
in the typical 4-bar linkage arrangement do not travel over 
equal arcs. The inner wheel travels through a greater arc 
than does the outer wheel to permit it to travel about a 
smaller radius. The difference in steering angles between 
the two wheels is termed the toe-out. It is usually specified 
as the number of degrees over 20 which the inner wheel is 
turned when the outer wheel turns 20 deg. 

Caster - Caster is the angle, measured in degrees, that 
the steering knuckle pivots are tilted forward or backward 
from the vertical, when viewed from the side. Caster is 
designated positive for a backward tilt. Caster tends to keep 
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Fig. 3 — Factors in wheel alignment 


front wheels pointed straight ahead because as the castered 
wheel is turned from the straight ahead it raises the front end 
of the vehicle slightly. When the steering whee! is released, 
the weight of the vehicle tends to force the wheels to the 
center position. 

Camber - Wheel camber is the angle between the center 
plane of the wheel and the vertical when viewed from the 
front of the vehicle. Camber is considered positive when 
the top of the wheel leans outward. In recent years, the use 
of flat roads and low pressure tires has led to a reduction in 
camber to about 1 deg. Under ideal conditions, zero cam- 
ber would result in no wheel slippage, but, because of bear- 
ing clearances and axle deflection, a slight amount of cam- 
ber must be provided. 


*Numbers in parentheses indicate References at the end 
of the paper. 
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Kingpin Inclination - Kingpin or pivot inclination is the 
number of degrees that the steering knuckle pivots are tilted 
inward toward the center of the vehicle. This inclination 
results in a self-aligning torque as the steering wheel is 
turned, because a rotation of the wheel raises the vehicle 
slightly 

Pivot inclination is generally in the range of 3 to 7 deg. 

Toe-In - Toe-in is the number of inches that the wheels 
point in when viewed in plan. Fora flat road, a zero toe- 
in should be maintained (14).* However, it is difficult to 
maintain such a condition. 


Steering Geometry Errors 


The path followed by the front wheels is influenced by 
many factors, some ot which require that the theoretical 
Ackermann steering geometry be compromised. If the path 
of the wheel hub, that is, the suspension geometry, does not 
agree with the steering geometry, the front wheels will turn 
as they are deflected upwards. Road shock, felt at thesteer- 
ing wheel, is, in most cases, not the reflected direct shock 
which arises as a bump is traversed, but is, instead, the in- 
ertia (and gyroscopic) force of the wheel resulting when com- 
promise between steering and suspension geometries attempts 
to change the plane of rotation of the wheel. Direct inertia 
and gyroscopic torques can also arise from the compromise 
suspension constraint of the wheel hub which results in a 
change in the plane of rotation during wheel motions. 

In a wishbone or linked type front suspension employing 
equal parallel links, wheel motion is vertical for no roll of 
the sprung mass, hence gyroscopic torque is eliminated. The 
path of any point on the kingpin of such a system is an arc 
whose radius is equal to the length of the links. Because of 
conflicting space requirements, it is not always possible to 
obtain the theoretical steering geometry, and compromises 
must be made. 

The most popular form of independent front suspension 
employs an unequal length for upper and lower links. For 
the case in which these links are originally parallel, the the- 
oretically correct length for the steering connection may be 
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Fig. 4 — Steering link geometry - 
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established with the aid of Fig. 4. 

In this figure, the horizontal displacement, of the upper 
and lower links for a vertical displacement d. can be shown 
to be d2/2A and d2/2B. To avoid scrubbing of the tire on 
the ground, the point of tire contact should have no horizon- 
tal motion. Because the wheel is a rigid body, the horizon- 
tal deflection of a point on the wheel must be proportional 
to its distance above the ground. 

If a steering link of length R, is at a height y above the 
ground (or point of zero lateral motion), the relation con- 
necting R and y is 


Ry = A(h+s) 


which is rectangular hyperbola tangent to the values y=o, 
and R=o. 

With the introduction of independent front suspension the 
engine was at first pushed forward. If the steering connec- 
tion was kept below tht engine it had to be fairty long as was 
shown in the preceeding paragraph. With these long steer- 
ing arms it was often possible to use only a two-piece cross 
steering tube without incurring too serious geometry errors. 
The central bell crank lever which acted as the inboardcon- 
nection to the two sides of the steering arm was, inthis case, 
not too far from the theoretical geometry. 

The next step in moving the engine forward required that 
the steering arm be placed forward of the wheel centers. For 
safety reasons and because of easier Ackermann positioning, 
the steering arms were also raised above the wheel centers. 

Because of the clearance gained between the wheel and 
the steering pivot axis (the steering pivot slantsin atthe top), 
the ball joint between steering knuckle and steering arm 
could be located farther outboard. This is an advantage be- 
cause it permits a reasonable angle between the steering piv- 
ot arm and steering arm at full lock angle a , (Fig. 5), a 
factor which aids in the return of the wheel to the center po- 
sition. Because of the high steering arm location, thesteer- 
ing arm radius must be short, hence a three piece steering 
arm or cross tube is required. This three piece gear can be 
furnished by using two idler levers mounted on the frame and 
using a cross tube to link the inboard ends of the steering arm 
by a cross tube. 


Steering Wheel Reaction 


Reactions at the steering wheel result directly or indirect- 
ly from road irregularities. If the suspension geometry is 
such that the plane of rotation of the front wheel changes 
during rebound, gyroscopic moments about the steering pivot 
axis will result, which may be felt at the steering wheel. 

For the solid axle, the maximum torque occurs at near 
zero spring deflection because at this point rotation of axle 
center line about its midpoint is most rapid. For the parallel 
link system, maximum torque occurs towards, but not at, 
the end of deflection, because, up to a point, wheel tilt rate 
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Fig. 5 — Plan view showing steering arm above wheel centers 


increases with increasing spring deflection. Gyroscopic tor- 
que for such a system is zero at the nondeflected case be- 
cause at this point the wheel does not tilt for an infini- 
tesimal spring deflection. 


Steering Phenomenon 


Low Speed Wobble - The rotation of the front wheels of 
the vehicle about the kingpin axis against the flexibility of 
the steering linkage is termed low speed wobble. It has been 
found to depend on the caster angle of the front wheels, the 
weight on the front wheels, flexibility of the frame, and on 
the vehicle velocity. The resulting vibratory motion is 
transmitted to the steering wheel. 

The following conclusions regarding low speed wobble 
have been established: 

1. Wobble increases with increasing caster because of 
the greater pneumatic trail. 

2. Wobble is unstable unless damped. 

8. A critical velocity exists, but in practice this is not 
sharply defined. . 

In practice, it has been found that wobble decreases un- 
der wet conditions because of the reduced frictional forces 
which result in lower tire self-aligning torques. 

Among the ways suggested to overcome low speed wobble 
are (15): 

1. Make engine and mount system natural frequency co- 
incident with wobble natural frequency. 

2. Increase stiffness of steering linkage. In one case an 
increase from 720 Ib/deg to 1100 1b/deg resulted in almost 
complete elimination. 

8. Include sufficient damping to prevent an increase in 
magnitude of oscillation. 

Because of the variation in caster angle with suspension 
deflection, the self-aligning torque of the tires will vary. 
If, in an effort to reduce wobble, caster is reduced to a small 
value at some conditions of suspension deflection, caster 
centering action may be nearly absent. The final design to 
reduce wobble must consider all of the factors mentioned 
so as to avoid a steering system which is either too heavy or 
too sensitive. 

High Speed Wobble - High speed wobble is usually en- 
countered in vehicles having a solid front axle. It is a 
rocking of the front axle about a horizontal axis near its 
center. It is influenced by the tire and suspension springs, 
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mass of the front axle, the gyroscopic torque of the front 
wheels, and velocity of the vehicle. 

The frequency of this oscillation is increased by employ- 
ing stiffer springs, higher tires pressures, and stiffening the 
frame. its magnitude is reduced when caster is reduced, roll 
center is reduced, and it is increased when braking occurs. 
Damping is employed between frame and axle near the 
wheels to reduce oscillations. 


Tire Effects on Steering 


When the center plane of a pneumatic tire is directed at 
an angle to its direction of motion, the lateral distortion of 
the tread in contact with the road produces a force at right 
angles to this center plane (Fig. 6.) This force is calledthe 
cornering force and the angle between the direction of mo- 
tion and the axis of the tire is called the slip angle. AS 
shown in Fig. 6, the lateral distortion of the center line of 
the tire increases with distance along the tire center line 
starting at the front of the contact patch. 

Because the lateral forces in the rearward portion of the 
contact patch are generally greater than those in the forward 
portion, the line of action of the cornering force generally 
intersects the wheel center plane at a point behind a point 
immediately below the center of the wheel. The moment 
of the line of action about a vertical line through the-center 
of the contact patch is called the self-aligning torque be- 
cause it generally tends to lessen the slip angle. 

The tire cornering force is the only force acting on a car 
which enables it to turn a corner or resist a side wind. Seif- 
aligning torque provides a measure of the force required to 
steer the car, that is, it gives measure of the "feel" at the 
steering wheel. 


Means by which Cornering Force is Developed 


The cornering properties of tires have been examined by 
a number of investigators (1, 5). The detailed study of the 
development of cornering force requires an analysis of tire- 
to-ground contact. Fig. 6 (from Ref. 1) shows the lateral 
distortion of the tire tread as a function of longitudinal dis- 
tance along the contact length. ‘Distortion of the tire is the 
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Fig. 6 — Tire characteristics during cornering 
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displacement from the center plane of the wheel. This dis- 
tortion gives an accurate picture of the lateral force devel- 
oped because under slip angle conditions, motions at the 
crown and at the shoulder ribs of the tire are approximately 
equal. These dataarereplotted for both a 3andan8 deg slip 
angle (Fig. 7) where lateral force as a function of distance 
along contact length is shown. 

The resultant cornering force is proportional to the total 
area under the curve of Fig. 7. The resultant cornering force 
is seen to act at a point which is behind the midpoint of the 
contact area. The distance between the center of contact 
and the intersection of the line of action of the resultant with 
the wheel center plane is termed the pneumatic trail or cast- 
er. As is evident from Fig. 7, it is large at low slip angles 
and decreases with increasing slip angle and cornering forces. 

The reason for the variation in cornering force and self- 
aligning force may be examined by considering the curves 
for Fig. 6. If it is assumed that a limiting value of lateral 
friction force exists which is determined by the contact pres- 
sure and friction coefficient, an upper limit on the lateral 
force per unit length of contact length is established, as shown 


in Fig. 6. Lateral distortion of a point on the tire tread in- 
creases as it moves along the length of the contact path. The 


sideways force exerts it on the ground and tire increase with 
its distortion. When this force reaches the limiting friction 
value, defined above, it remains at that value for the re- 
mainder of its motion along the contact length. It will be 
noted that the limiting frictional value drops as the end of 
the contact patch approaches, because the tire is separating 
from the ground and its contact pressure is decreasing. 

At low slip angles, the lateral displacement is such that 
the limiting frictional value is not attained until very late 
in the contact patch. Accordingly, the total cornering force 
remains low and the pneumatic trail is large. For high slip 
angles, the lateral displacement corresponding to the limit- 
ing frictional value is attained at an earlier point in the con- 
tact patch. The total cornering force is, therefore, high and 
because high values of lateral force are developed ahead of 
the center point of the contact patch, the pneumatic trail 
is decreased. 

The resultant of the horizontal forces in the ground plane 
has a line of action to the rear of the midpoint of the con- 
tact point by a distance equal to the pneumatic trail. Its 
direction is mainly lateral, however a slight backward com- 
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Fig. 8 — Side thrust versus load 6.00 x 16 tires at 28 Ib/in? 


ponent is present. This small backward component arises 
from tire rolling resistance or drag while the lateral com- 
ponent arises from cornering forces. The backward compon- 
ent is the same in magnitude as that developed in a freely 
rolling tire. 

The variation of cornering force, self-aligning torqueand 
horsepower consumption with slip angle and load has been 
investigated (5). Fig. 8 shows the variation of cornering 
force with tire loading for different slip angles. Cornering 
force for a given tire load increases with slip angle as de- 
scribed previously. Cornering force for given slip angle in- 
creases with tire loading until a maximum cornering force 
is developed. For further tire loading, cornering force de- 
creases, as the frictional force in the contact patch changes 
from a static to slipping type. 

Self-aligning torque, at constant slip angle, increases 
with tire loading. At constant load, self-aligning torque 
increases with slip angle up to a slip angle of 6 deg; above 
this value, self-aligning torque decreases. This angle of 
peak torque results as follows. At low slip angles, the line 
of action of the cornering forces lies near the rear of the con- 
tact patch. With increasing slip angle the resultant moves 
forward as discussed previously. Coincidently, the maximum 
cornering force developed approaches the limiting frictional 
value. Maximum self-aligning torque occurs at that slip 
angle at which the product of the magnitude of the resultant 
cornering force and its lever arm about the center point of 
the contact patch is a maximum. 

The effects of inflation pressure on the three tire charac - 


teristics are shown in Ref. (1). Cornering force was shown. 


to vary linearly with inflation pressure for constant slip an- 
gle. This results because the lateral force required to dis- 
tort the tire to a given slip angle is greater for tire having 
a greater inflation pressure. 

Self-aligning torque decreases with inflation pressure. 
This results because the greater forces required to distort the 
tires laterally, for a given slip angle, cause the cornering 
force to attain the limiting frictional force near the front of 


the contact patch. 
Internal Factors - The effects of tire construction and con- 
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figuration on tire cornering force, self-aligning torque, and 
horsepower consumption were studied in Ref. (1). The ef- 
fect of increasing the rim width is to increase cornering 
force, to have very little (slightly decreasing) effect on self- 
aligning torque when the tire is run at a constant slip angle. 
The increased cornering force results from an increased re- 
sistance to tread distortion. 

Self-aligning torques decrease slightly because at higher 
cornering forces more of the contact patch must generate 
forces at the limiting frictional values. Since this can oc- 
cur only in the forward part of patch, the line of action of 
the resultant cornering force moves forward. 

The effect of tire section width on the tire characteristics 
is as follows. An increase in section width results in an in- 
crease in cornering force and self-aligning torque, when 
measured at the same value of slip angle. These effects re- 
sult because a greater value of limiting friction force can 
be developed by the tire as a result of its increased contact 
area. Even if the resultant of the total cornering force re- 
mains at the same distance behind the center of the contact 
patch, the higher magnitude of the resultant cornering force 
will result in an increased self-aligning torque. 

The ettect of an increase in number of plies on cornering 
force is negligible. The self-aligning torque at a given slip 
angle is less for a 6-ply tire than for a 4-ply tire. The de- 
crease in self-aligning torque with increasing number of plies 
may be explained by the same mechanism resulting from an 
increase in rim width. 


Rear End Steering Effects 


The lateral behaviour of a vehicle is influenced by guid- 
ance from the rear wheels as well as that from the front 
wheels. Rear wheel steering, controlled by the driver, has 
been employed sparingly because it has been found unstable. 
Only at low speeds has it been found safe. 

When a conventional vehicle carries a heavy load behind 
the rear axle, a similar effect can occur. Turning the front 
wheels can result in a yawing motion about a point behind 
the rear axle in which the rear wheels move toward the cen- 
ter of curvature of the path the vehicle is starting to follow. 
As the vehicle begins to move along the curved path, the 
direction of lateral forces on the rear tires reverses. 

Yawing of the conventionally steered vehicle is deter - 
mined by the cornering forces of both the front and rear tires. 
Each pair of tires provides a lateral force to resist the side 
forces, which causes them to slip sideways. Even when the 
tire planes remain parallel to the longitudinal axis of the 
vehicle, the slip angles of the front and rear ends of the ve- 
hicle can be different. These differences give rise to the 
over or understeering condition. 

The principal rear steering effect introduced by a con- 
ventional solid rear axle is that resulting when the center of 
the axle rotates slightly, in the horizontal plane, about a 
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Fig. 9 — Roll steel effects in live rear axle resulting from spring 
deflections (asymmetrical spring eyes) 


vertical axis through its midpoint. Such a rotation can re- 
sult when the vehicle rolls , causing the rear suspension springs 
to deflect. If the point of attachment between axle and 
spring moves backward or forward as the vehicle rolls, the 
axle can rotate in the horizontal plane about its midpoint as 
shown in Fig. 9. 


Roll Angles 


The behaviour of a vehicle as it travels along a curved 
path is influenced by the changes in tire loadings which re- 
sult from vehicle roll. In this section, the locations of the 
vehicle roll centers and their effect on tire loading is dis- 
cussed. 

The roll center of the spring mass in a given plane may 
be obtained as that point in the plane about which the sprung 
mass rotates. In general, the roll center height at either 
end of the vehicle is different, hence the line joining these 
points, ordinarily called the roll axis, is not horizontal. 

Roll Center Location - The roll center location, Mo for 


a number of the more common front and rear suspension sys- 
tems is shown in Figs. 10 and 11 (2). 

Fig. 10a shows the roll center below ground level; how- 
ever, by a proper choice of suspension geometry, this point 
may be raised. With horizontal parallel links, for example, 
the instantaneous center M lies at infinity and the line M- 
3-Mo is horizontal. Accordingly, the roll center is at the 
road surface. 

Wheel motion in the Lancia sleeve mounting type sus- 
pension (Fig. 10b) is parallel to the axis of the sleeve. In 
the arrangement shown, the roll center lies below the road 
surface. 

In the Porsche double crank suspension system (Fig. 10c) 
the wheel motion is vertical, hence the roll center lies a* 
the road surface. In both of the above systems, the roll cen- 
ter is found by noting that wheel motion is perpendicular to 
the hypothetical link joining the roll center and the point 
of tire contact. 

For the beam axle suspended by leaf springs (Fig. 11c) 
the roll center is at approximately the height of the spring 
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(a) WISHBONE (UNEQUAL LINKS) 
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Fig. 10 — Roll centers and restoring moments for front suspen- 
sions and anti-roll bars 
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Fig. 11 — Roll centers and restoring moments for rear suspen- 
sion systems 
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anchorages. This location is influenced by the lateral flex- 
ibility of the spring mounting. 

When a cross link is used for lateral location of a beam 
axle (Fig. 11b) the roll center is at the point of attachment 
of the link to the spring mass. 

For the DeDion rear axle, the roll center lies at the point 
of the axle about which the spring mass rotates (Fig. 11c). 

For the swing axle, the roll center is located along a line 
joining the point of tire contact, point 3 of Fig. 11d andthe 
swing axle joint, point M. The roll center Mg is, there- 
fore, located above the swing axle center line when it is in 
the horizontal position. 

Roll center height varies with spring deflection for sus- 
pensions employing links, the beam axle with lateral loca- 
tion link, and for the swing axle. 


Restoring Roll Moments 


With the roll center located, it is possible to determine 
the value of the restoring moment exerted by the suspension 
system as the vehicle rolls. Tabular values of the restoring 
moments introduced by the more common suspension systems 
are shown in Table 1. 

It will be noted that in every case, the restoring couple 
is proportioned to the roll angle or 


M=K@ (4) 


where M is the restoring moment. 

In some suspension systems, the effects of centrifugal 
force on the unspring mass causes it to exert a roll couple on 
the spring mass or to change the dynamic loading of the tires. 
These roll effects are summarized in Table 2. 

It should be noted that because the roll center is above 
the wheel center for the swing axle, it exerts a righting mo- 
ment on the sprung mass. The centrifugal moment exerted 
by the beam axle is not exerted on the sprung mass; however 
it does influence the dynamic wheel loads. 

From Table 1, the suspension system restoring moments 
may be expressed as 


Msi = Ksi ¢ (5) 


where i = 1 for the front suspension, i = 2 for the rear sus- 
pension system, and i = 3 for the anti-roll bar. 

From Table 2, the unsprung mass roll moment may be 
expressed as 


My S CruW; = CyuKW = KTEW (6) 


where Wj is the weight of the unsprung mass under consider - 
ation. 

The roll angle of the sprung mass for a given suspension 
system under the effects of a centrifugal cornering load, is 
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Table 1 - Restoring Roll Moments Introduced by 
Various Suspension Systems 


System Roll Moment ay 
brare 
Independent Linkage Ci ¢ 
a 
: t.2 
Independent Linkage, cle ang 
(Parallel Horizontal) 2, 1 
D 
Guided Sleeve: Double 2d C$ 
Crane } 
Swi boto 2 
wing Axle Loh eeie Co ¢ 
2 f 
Beam Axle 2 Co an 0) 
: : a,pu 
Anti-Roll Bar: (Fig. 10d) 1 ee 
Independent, Linkage V : 
2 
Py 
Beam Axle 75 Gs 0) 


1/ Nomenclature: 

C1, spring rate of lower suspension arm, Ib/in. 
of motion of pt. 2 4 

C, spring rate of suspension spring, lb/in. of motion 
of pt. 3 

C2, spring rate of suspension spring, ib/in. 
of motion of pt. 4 

C3, spring rate of anti-roll bar, 1b/in. 

@ roll angle of sprung mass, rad 


therefore: 


UW(Kc + KT) 


= ——_—_ = uWkr (7) 
Kg1 + Ks + Kgg 


Table 2 - Roll Moments of Unsprung Mass 


System Moment Note 
Independent pWyet Tilting 
Swing Axle - pWo(n - r) Restoring 
Beam Axle Wor Influences wheel 


loading only 


where Wj is the centrifugal force acting, r is the wheel 
radius and n the height of the roll axis. 
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where uWKc is the centrifugal roll moment from the sprung 
mass. 

The roll angle is therefore directly proportional to the 
centrifugal cornering load. It is assumed in this discussion 
that the tires and frame are rigid. 


Dynamic Wheel Loads 


Under the action of the roll moments introduced by cen- 
trifugal forces in cornering the loads imposed on the tires 
are changed. The outer tire is subjected to an incremental 
load, AF, (front wheel), or AR, (rear wheel) while the in- 
ner tire will be unloaded by an equal amount. To calculate 
these incremental loads it is first necessary to calculate the 
roll angle of the sprung mass as shown above. 

Under steady-state cornering conditions, the change in 
tire loading caused by the roll moments acting is given by 
the following equations: 


Front wheels: AFw = Mc + Mcq + Msg + My (8) 
Rear Wheels: ARw = Mcp + Mco + Mc3 + Moo (9) 
where: w is the vehicle track distance. 

Ms1, Msg, Msg are the restoring motion of the front 
and rear suspensions, and the antiroll bar. 

M71, Mo are the tilting moments arising from centri- 
fugal force on the front and rear unsprung mass. 

Mc is the roll moment upon the unsprung mass _intro- 


duced by the centrifugal loading of the sprung mass acting 
at the front roll center (Fig. 12). 


Db 
Mc1 = 4 mW (10) 


Mcg is the roll moment upon the unsprung mass intro- 
duced by the centrifugal loading of the sprung mass acting 
at the rear roll center. 


a 
Mc2 =U @ nW (11) 
The load transfer at the front wheels is therefore 


1 b 
Ai ks ee nt Koa re (12) 


1 
Smee olay LOY (Ky1)] 
where: 


b 
RS Wt ST: (13) 
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Fig. 12 — Roll axis location 


The load transfer at the rear wheels is 


1 a 
AR = — [Kso +m —n W + Ksg@ + KquW] (14) 


= [Hh 


[(Kso a Kg) pd + UW Ky9] 
where: 
a 
Ky2 = (uv aes) (15) 


With these equations, the load transfer for a given sus- 
pension system can be determined for a specified roll angle 
and centrifugal loading. In general, load transfer is found 
to be directly proportional to both roll angle and centrifugal 
loading and may be represented as 


AL = C1¢ + Con W (16) 


where Cy and Co are constants. 


Roll Induced Load Transfer Effects on Tire Slip 
Angle 


Tire lateral cornering force is a function of both tire slip 
angle and tire loading. Curves of cornering force as a func- 
tion of tire loading for a number of slip angles are shown in 
Fig. 8 (9). 

The relation which represents the cornering force, F as 


a function of slip angle 9, and tire load, W, may be writ- 
ten, in general as: 


F = C1@ + CoW + Cg0W + C40” + C5W?2 + --- (17) 


where the constants Cj are determined from experimental 
curves similar to those of Fig. 8. 

In the load on the inner tire Fy is equal to that on the 
outer tire FQ and the law describing the cornering force is 
limited to second power terms and lower as in the previous 
equation, the slip angle 09, is given by 


C7 + (C7744C4Cg)!/? 
y 2Cz 


fo) (18) 
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where 
Cy = Cy+Caw and Ce = C5W -CoW+F (19) 


The lateral load per tire is F which is equal to one half the 
cornering force required to balance centrifugal effects. 

If load transfer of the amount AW=KW occurs, the tire 
loadings become 


W1 = (1+ K)W and Wo = (1 - K)W (20) 


In this case the new slip angle is given by 


Gnin(CabarGeenyels 
ee ate ee ey 
IC) 


where 
Ce = Ca(14K*)W - Co WHE (22) 


It is seen that the slip angle under load transfer conditions 
is always greater than for the case in which the two tiresare 
equally loaded. It is assumed in the determination of the 
slip angle, that both tires have the same slip angle. 


Stability Margin 


To provide a convenient process for the estimation of ve- 
hicle stability, the term, stability or static margin, hasbeen 
introduced (3). Stability margin is defined as the horizontal 
distance, expressed as a percentage of the wheelbase length, 
between the center of gravity of the vehicle and the center 
of reaction of the road forces. 


The center of reaction of the road forces passes through 
a line designated as the neutral steer line. This line is de- 
fined as a line in the fore and aft center plane of the vehicle 
anywhere along which a lateral force may be applied with- 
out producing yawing of the vehicle. It is assumed that the 
limit of adhesion of the tires is not exceeded. 


Should the center of gravity of the vehicle be behind the 
neutral steer line, the vehicle would turn towards a lateral 
force applied at the center of gravity. Such a vehicle iscon- 
sidered to be unstable. Ina stable vehicle, the neutral steer 
line is behind the center of gravity. This is the equivalent 
of understeer. 


It is desirable that the passenger vehicle be stable for case 
of the fixed steering wheel, but, because of the self-align- 
ing torque of the front tires, there is no need for an exces- 
sive stability margin. Excessive stability margins results in 
greater stabilizing motions which in turn slow vehicle re- 
sponse. (Ref. (3) recommends a maximum static margin of 
4-6%. 
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Aerodynamic Effects 


The aerodynamic forces acting upon a moving vehicle 
may be resolved into three components parallel to the long- 
itudinal, lateral, and vertical axes of the vehicle. These 
forces are referred to as the resistance or drag force, the side 
force, and the lift force respectively. Aerodynamic forces 
are not of importance at lower speeds and can probably be 
neglected at speeds less than 50 mph. 

These force's components do not act at the center of grav- 
ity of the car, hence they give rise to pitching, yawing, and 
rolliiig movements about this point. At higher speeds the 
lift and pitching moments generated may cause a weight 
transfer from front to rear wheels with a consequent change 
in the neutral steer line. 

A significant point, however, is the location of the cen- 
ter of pressure defined above. For a long, streamlined body, 
this point lies somewhat in front of the nose of the vehicle. 
From the reference data on the streamlined body, this point 
is over 1.25 car lengths ahead of the vehicle at 2.5 deg and 
about 0.20 car lengths ahead at 20 deg. A verysmall side 
force acting on such a body would producv a significant yaw- 
ing moment. This body represents an extreme case; how- 
ever it does serve to point out the problems, introduced by 
aerodynamic side forces. 


Fins 


An automotive vehicle, in general, has a fineness ratio 
of less than 1/6. For a nonstreamlined vehicle it is expect- 
ed that the center of pressure will be well within the wheel- 
base. 


Ref. (3) shows that the side force for a practical stream- 
lined vehicle is given by 


sees (0.014 + 0.008 =) Aa y (23) 


where y is the angle of attack in degrees, 1 is the length 
of vehicle and d its equivalent diameter, A its cross sec- 
tional area, and q the dynamic pressure; all units in feet 
and Ibs. 


To bring the center of pressure rearward, fine may be 
added to the rear of the vehicle, see Fig. 16. For such a 
fin, the side force generated is given by, ref. 3. 


Sf = 0.045 Arq y (24) 


where Ag is the fin area in ft? 


The total side force acting is therefore 


S = Sp, + S¢ (25) 


266 


By suitable choice of fin area, the center of pressure of 
the vehicle-fin combination may be made to lie at any req- 
uisit point. Fin area is given by 


S.Xcp = ~SpXb + S£Xf (26) 
and 
Sf = SXep + ShXb (27) 
Xf 


where Xcp, Xb, and xf are the distances between the front 
of the vehicle and the center of pressure, of the combination 
center of pressure of the vehicle, and of the fin, respectively. 


Sudden Changes in Wind Intensity 


In general, steady side winds should not greatly inconven- 
ience the driver. However, the large responses which may 
occur as a result of sudden changes in wind forces may prove 
more difficult to control. 

The behavior of a vehicle in the presence of a side wind 
force depends upon its aerodynamic configuration. In the 
case of the unstreamlined vehicle, the center of pressure is 
close to the center of gravity. In the case of the stream- 
lined vehicle, the center of pressure is located near the front 
axle. For a streamlined and stabilized vehicle, the center 
of pressure can be located behind the center of gravity. 

In the presence of a side wind force, the unstreamlined 
vehicle slips sideways away from the wind. The streamlined 
car, because the wind force acts almost at the front axle, de- 
velops a greater slip angle at the front than at the rear tires. 
Accordingly it begins to yaw at an increasing rate until the 
driver applies correction. 

The stabilized streamlined vehicle slips sideways away 
from the wind. However, because the center of pressure is 
located behind the neutral steer line, the rear wheel slip an- 
gle is greater than the front wheel slip angle. As a result, 
the vehicle yaws so as to head into the wind and returns to- 
wards its original course. When the vehicle crosses its orig- 
inal course, the driver must apply correction. , 

In the ideal case, the vehicle is completely unresponsive 
to side wind forces. In an actual design, the vehicle should 
be proportioned to produce comparatively slow reactions to 
side forces. In this manner, the driver has time to make 
corrections. Ref. (3) shows that the center of pressure should 
be located between 2-10% of the wheelbase behind the neu- 
tral steer line to permit the vehicle to turn slowly into the 
wind. 


Lateral Equations of Motion 


In studying the lateral motion of the vehicle as it nego- 
tiates a turn, the influence of all of the effects described pre- 
viously must be considered. These effects include: corner- 
ing forces and moments generated by the tires, aerodynamic 
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forces and moments on the vehicle, rear and steering effects, 
change in tire rolling resistance due to roll, weight transfer 
effects due to roll, shock absorber forces, camber change 
effects and the momentum effects produced by the vehicle 
mass. 

The lateral equation of motion can be written symboli- 
cally as: 


DY = ¥y+YorY, (28) 

DN = aYy+Ty+wALy -bY9+wALot+Y ql + To (29) 

DL = WsytLstls atY¥ aha (30) 
where 


Yi, Yo, Ya, are the front tire, rear tire, and aerody- 
namic forces, 

Ty, Tg are the front and rear self-aligning torques, 

AL,, and ALg are the front and rear load transfer effects, 

1 is the distance between cp and cg, 

W, the sprung weight, 

y the distance (lateral) moved by Wg, 

Ls the spring force, 

Lga_ the shock absorber force, 

ha the height of the cp. 

Functionally this can be written as 


2aY SBE, 6.104. 6) (31) 
du Na= (Bek, .On Ps Xe) (32) 
UL = f(p, ¢, 8) (33) 


Linear Theory - In Ref. (10) the vehicle was treated as 
a linear system, that is, the functional relationship between 
the forces acting and the variables upon which they depend 
are assumed to be linear. For example, the relation be- 
tween tire cornering force and slip angle, load, and camber 
was assumed to be: 


Y; = Cya; + Cow + C3¢ (34) 
OY oY oY 
aay a Hey Le, Co) (35) 


In the reference it was shown that such linearization accu- 
rately predicts vehicle behaviour under cornering conditions 
up to 0.3 g. 

A detailed study of vehicle stability utilizing linear the- 
ory was carried out in Ref. (11). In this study, aerodynamic 
effects, load transfer, and roll motions were neglected. The 
equations of motion under such conditions are 


Lateral motion - 


M(V + Vr) = OpCp + OpCr = Yg8 + Ypr + Y56 (36) 
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Yaw motion - 


It = adpCp - bagCr = NgB + Nir + Ngé (37) 


where, for example, Yg = dy/0g... are called the stabil- 
ity derivatives, and Cr, Cp are the cornering stiffness of front 
and rear tires. The significance of the several stability de- 
rivatives is discussed below. 

The side force arising from vehicle slip angle is depend- 
ent upon the stability derivative Yg. If the vehicle perform- 
ed a pure side slip motion B, the force on the vehicle would 
be F = Yg8. Yg may be thought of as a torsional spring 
constant of the vehicle because it produces a restoring mo- 
ment proportional to an angular displacement. 

The derivative, Ng, may be written as 


Ng = “CR -b Cr 
ee ane in| | tad ata 38 
: (GptGr) CptCe 1 (8) 
However, Cr+Cp=Ye (39) 


and from the definition of Static (Stability) Margin 


Gc 

R 
TSS Static Margin (40) 

Cr+Cp 1 
Hence Ng = - 1Y@ (Static Margin) (41) 
1/ ON 

Static Margin =-—\| —— 42 
atic Margin (28) (42) 


The static margin, therefore, determines the yawing mo- 
ment provided by the tires in reacting to a side force. 

The yawing moment caused by a yawing velocity is de- 
pendent upon the stability derivative N,. If the vehicle 
were constrained to a steady yaw velocity r, the moment 
equal to N=N;r would be set up. This stability derivative 
determines a torque proportional to and in opposition to a 
yaw velocity; hence it is a yaw damping constant. 

The magnitude of Ny is inversely proportional to forward 
velocity of the vehicle, hence yaw damping decreases with 
increasing speed. 

The side force caused by a yawing velocity is dependent 
upon the stability derivative Y;. If the vehicle were con- 
strained to a steady yaw velocity, the difference in front 
and rear tire cornering forces is Y=Y,r. If the front andrear 
tire cornering forces are the same, no net side force will ap- 
pear. Y, also decreases with increasing speed. 

The yawing moment due to steer angle is dependent upon 
the stability derivative Ns, which may be termed the con- 
trol sensitivity. The yaw moment due to the steering angle 
6, is given by N=N¢6. 
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The side force due to a steer angle is determined by the 
stability derivative Ys. The side force resulting from a 
steer angle 6 is equal to Y=Y¢6. 

The concept of oversteer and understeer during a steady - 
state turn can be examined analytically by means of the 
stability derivative technique. In this connection, the equa- 
tions of motion during a steady-state turn, in which no yaw 
or side slip acceleration occurs. that is. r= v =0. are solved 
for the curvature (2/z) response to a fixed steering angle. 
The result is 


1/R 1/1 
—_— = (43) 
6 +Kv2 
where 
MNg M (Static Margin 
a Mi gin) (44) 


~ 1£Ng¥5-YgNs]  1¥5 (Neutral Steer Point) 


where Wp, Weg are the loads on rear and front wheels, and 
Cr, Cp are corresponding cornering stiffnesses. K is called 
the vehicle stability factor because it determines the curv- 
ature response with speed. For K negative, the radius of 
curvature may become zero and the vehicle is unstable when 


v = (-1/x)1/2 (45) 


The steady-state steering angle required can be determined 
by rearranging Eq. (43). The result is 


— 


Ve 


Oa Tele 
R 


R (46) 
The first term on the right side represents the Ackermann 
steering angle required, that is, the steering angle whentire 
slip angle is neglected. 

As explained above, K may Le either positive or nega- 
tive. If K is positive, the steering required to maintain a 
given radius of curvature is greater than the Ackermann an- 
gle. If K is negative, the opposite is true. 

Accordingly, a positive value of K corresponds to a ve- 
hicle having oversteering characteristics. A positive K cor- 
responds to a positive static margin, a negative K to nega- 
tive static margin and vehicle having zero static margin po- 


ssesses a K value equal to zero. 
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NATIONAL SAFETY Council statistics show that there has 
been a steady reduction in the rate of highway fatalities since 
1926 when accurate data were first accumulated. This re- 
duction has come about for many reasons, Drivers have been 
taught and have learned better driving practices. In the au- 
tomobile industry, pride is taken in the fact that successive 
yearly models produce safer vehicles: cars which are quiet- 
er, smoother, easier to drive, more responsive in traffic,and 
with improved braking systems, steering systems, better ac- 
celeration, better visibility, and better packaging of the pas- 
senger. 

Contributions of significant magnitude have been made 
by highway designers and builders. Before 1920, people who 
made automobiles were concerned primarily with dependa- 
bility; the manufacturer who could produce a car which would 
tun dependably had a commanding share of the yearly sales, 
At that time, the city or county or state which had a few 
miles of paved streets or highways had a commanding share 
of the successful highway transport. Just as dependability 
was important in the vehicle, so it was in the highway sys- 
tem. In the highway system, this meant all-weather roads, 
paved roads; and the provision of a surface which would car- 
ry traffic through all seasons of the year was a matter of pri- 
mary importance and justifiable pride. 

As more and more all-weather, all-year roads came into 
being, the problems of rapid, safe, and efficient transport 
became differentiated. As soon as the reliability of the ve- 
hicle was established, and the reliability of the road was es- 
tablished and taken for granted, the refinements of both be- 
came important. The refinements in highway and traffic 
engineering appeared early, first in terms of effectiveness, 
Since the accident always happened to somebody else, the 
effectiveness of the system was an element of primary in- 
terest to people who drove automobiles and transported goods 
before safety received much attention. 

The effectiveness of the system of highways depreciated 
early because of the congestion, There were always people 
in front travelling at a slow rate (typical Sunday drivers), 
people turning into the road from side streets, trucks which 
could not maintain reasonable speed, traffic in the opposing 
lane which inhibited passing, and endless frustrations about 
getting anywhere simply because there were so many people 
on the road. 

Justifiably, the taxpayers began to ask that the highway 
transportation system be improved simply because they 
couldn't get where they wanted to go as rapidly as they want- 
edto, Traffic engineering emerged as a new profession dur- 
ing the late 1920's and early 1930's; and highway engineer- 
ing began to take into account to an increasing degree the 
functional utility of the highway as a design element. 

Before the collection of good accident data began in the 
middle 1920's, the newspapers began to report more and 
more people killed in automobile accidents, and fewer and 
fewer people killed because of being kicked in the head by 
horses or because of bicycles going out of control and the 
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riders plunging into a ditch or breaking their necks from fall- 
ing over the handlebars, 

As the problems of the highway effectiveness and safety 
became more clearly recognized, the design of highways 
matured rapidly to provide more lanes for the higher vol- 
umes of traffic, and to remove restrictions to the rapid and 
safe movement of traffic. Thus, there came into being one- 
way roads, divided highways, limited access, signal con- 
trol at intersections, and separation of grade at important 
highway intersections. Studies of highway capacity and high- 
way safety (in which we are primarily interested today) show- 
ed conclusively that additional investments were required to 
implement the effective, rapid, and safe flow of traffic, par- 
ticularly in metropolitan areas, 

Because the automobile and automotive transport system 
are revolutionizing our economy, tne concept of rapid, ef- 
fective, and safe highway transport across the nation has 
become of paramount importance, Thus, the traffic engi- 
neering and highway design principles, which first appeared 
essential in metropolitan developments 35 years ago, be- 
came applicable almost immediatelyto interurban and inter- 
state travel, 

These concepts were understood and appreciated by far- 
sighted highway and traffic engineers more than a genera- 
tion ago. As funds became available, in a few metropoli- 
tan and suburban areas they were applied even before the de- 
pression in 1929, While highway designers and traffic engi- 
neers have appreciated the basic principles involved in the 
construction and operation of a rapid, effective, and safe 
highway transport system, funds have never been adequate 
to meet the requirements. The deficiencies in amounts of 
money required have been almost paralyzing, and heavy 
pressures have always been imposed on highway builders to 
get the most miles of pavement for the money available, Be- 
cause of public apathy about the highway traffic safety prob- 
lem and public ignorance about the part that certain design 
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Fig. 1 — National system of interstate and defense highways 


Fig. 2— Typical scene on N.Y. Thruway showing gentle align- 
ment, wide median, wide traffic lanes, unobstructed view, high 
capacity 


elements play in highway safety, highway designers have 
never been permitted to incorporate all the safety elements 
required. 

During the 35 years covered by the accident records, there 
has been a consecrated and dedicated effort by a few, then 
a few hundred, and then a few thousand people who are con- 
vinced that highway accidents are unnecessary and avoid- 
able. This effort has been responsible in a large part for the 
steady decrease in the fatal accident rate on a travel basis. 
Sharing in it have been automotive engineers, highway de- 
sign and traffic engineers, safety experts in many fields, the 


clergy, members ofthe press, police, radio, andTV. A major 
accomplishment has been to develop a better public under- 
standing of the importance of the highway traffic safety prob- 
lem and effective means by which to cope with it. As a 
result, highway engineers have been permitted to invest in- 
creasing proportions of highway construction funds in those 
features which reduce hazards; in fact, the public attitude 
has come to demand incorporation of these features. Asa 
side light, it should be noted that many of the design fea- 
tures fundamental for highway safety also improve the flow 
of traffic and enhance the effectiveness of the highway. 


Interstate System 


This movement culminated in the Highway Act of 1956, 
which provided for accelerated modernization of the Nation- 
al System of Interstate and Defense Highways. 

By this act, some 41,000 miles of highways throughout 
the country (Fig. 1) were established as part of the Interstate 
System, and enlightened standards of design were established. 
At the time of passage, it was intended that this system 
would be completed in about 15 years. 

Figs. 2 - 4 show typical examples of highways construc - 
ted according to these enlightened concepts. 

The standards of the Interstate System provide certain re- 
quirements with regard to alignment, profile, cross section 
lane width, and particularly control of access. 

Control of access is required for all sections of the Inter- 
state System. Grade separations are required except tor those 
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intersections in sparsely settled rural areas where the traffic 
volumes on both roads are low, and specifically where no 
appreciable hazard is created, and when the traffic volume 
on the intersecting road is less than 50 vehicles per day. 

The design speed of all highways in the system is to be 
at least 70, 60, and 50 mph tor flat, rolling, and mountain- 
ous topography, respectively, and depending upon the na- 
ture of terrain development. Alignment, super elevation, 
and sight distance are to be correlated with the design speed. 

For design speeds of 70, 60, and 50 mph, gradients, gen- 
erally, are not to be steeper than 3%, 4%, and 5% respec - 
tively. Gradients 2% steeper may be provided in rugged ter- 
rain. Traffic lanes are not to be less than 12 ft. wide, and 
the usable width of the shoulder shall not be less than 10 ft, 
except in mountainous terrain involving high cost for addi- 
tional widtn. The usable width of shoulder may be less, but 
at least 6 ft. 

Side slopes are to be 4:1, or flatter where feasible, and 
not steeper than 2:1, except in rock excavations or other 
special conditions. These special conditions include pre- 
sumably certain locations in urban areas where costs ot pro- 
viding this standard would be prohibitive. 

The median is to have a minimum width of 36 ft, except 
in urban areas where right-of-way costs make this excessive. 
In any case, it is to be at least 4 ft. 

The design standards listed above are considered minimum 
for the Interstate Highway System. Higher standards which 
represent desirable minimum standards are to be used when 
they are commensurate with conditions, and when the use 
of higher values will not result in excessive cost. In the de- 
termination of all geometric features, including right-ot- 
way, a generous factor of safety should be employed, and 
unquestioned adequacy should be the criterion. All known 
features of safety and utility should be incorporated in each 
design to result in a National System of Interstate and De- 
fense Highways which will be a credit to the nation. (1)* 

During the period from the late 1930's until the Highway 
Act of 1956, particularly after World War II, there was an 
urgent demand for improved highways in some areas where 
anticipated usage, plus lack of other funds, justified financ- 
ing as toll roads; some major examples are shown in Fig. 5. 

As these facilities designed and built according to ad- 
vanced and enlightened standards, came into use, it be- 
came evident that in addition to providing a highly effect- 
ive highway transport system, very favorable accident rates 
were experienced, shown in Table 1. 

The standards for construction of the Interstate Systems 
are comparable with those of the toll roads shown above, or 
higher. It seems clear that the highway traffic accident pro- 
blem will be alleviated significantly when this program is 
completed, especially since a large proportion of the total 
traffic volume will be carried on the Interstate System. 


*Numbers in parentheses designate References at end 
of paper. 
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Fig.3— Scene on N.J. Turnpike showing general alignment, 
paved shoulders, protected opening and overpass, grade sepa- 
ration, unobstructed view, wide median, wide traffic lanes 


Fig. 4 — Scene on Interstate road in Ohio showing wide median 
with relatively mild median ditch, long sight distances, gentle 
horizontal and vertical curves, wide traffic lanes, and long 
guardrail installation protecting opefling in overpass structure 


Table 1 - Death Rates per 100,000, 000 Miles 
on 13 Toll Facilities with Greatest Length 
and Largest Traffic Volumes 


(Accident Facts - 1960 Edition) 


Death Vehicle 
Ratio Length Miles 

Turnpike 1959 Miles (Millions) 

Illinois Tollway 0.5 188 605.7 
Connecticut Turnpike 1.4 129 790.0 
New Jersey Turnpike 1.5 132 1343.8 
Ohio Turnpike 1.8 241 981.8 
Garden State Parkway -N.]J. anne 174 1212.0 
Sunshine State Parkway (Fla) 2.6 110 193, 8 
New York Thruway 2.8 553 2103.4 
Massachusetts Turnpike 2.9 123 485.7 
Pennsylvania Turnpike Bho Ul 470 2081.0 
Indiana East- West Toll Road 4,5 157 619.3 
Maine Turnpike 5.1 113 196.6 
Kansas Turnpike 5,9 242 OU RS\o. & 

Will Rogers and Turner 

Turnpike (Okla) 6.1 174 295.7 
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OFF THE ROAD ACCIDENTS 


FATAL RURAL ACCIDENTS 


| PERCENT 
te) 10 20 30 


Fig. 7— Examples of roadside hazards—lamp posts, unpro- 
tected bridge abutments and piers — on controlled access high- 
way 


Fig. 8 — Trees in median on controlled access road 


Proving Ground Road Safety Problems 


At General Motors Proving Ground, we have been very 
concerned with road safety problems. 

Our primary road system was designed more than 30 years 
ago, and much of our operation is conducted on that part of 
the system. The design provided one-way operation, con- 
trolled access, elimination of grade crossings on high speed 
facilities, and most of the other concepts which are part of 
the standards of the Interstate System and the major toll 
roads. The primary concern of all satety engineers is to 
eliminate accidents. [he nextimportant concern or the in- 
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Fig. 9 — Sharp V ditch on modern super highway 


Fig. 10 — Tree-lined arterial road 


dustrial safety engineer is to minimize the effect of any ac- 
cident which may occur, While our road system had been 
designed to obviate the accidents which occur most trequent - 
ly on the public highway system, too tew precautions had 
been taken to minimize the effect of accidents resulting 
from the vehicle leaving the roadway. 

A review of our accident statistics during the six calendar 
years, 1953-1958 inclusive, covering approximately 65 mil- 
lion test miles, revealed a total of 236 accidents, of which 
72% were off-the road. 

In spite of careful selection of driver personnel, the appli- 
cation of the best training programs we can evolve,and oper- 
ation on a closed road system under adequate supervision, 
evidence is clear that we cannot keep our drivers on the road- 
way all the time. Drivers on the public highways cannot be 
kept on the road all the time, either, as the statistics bear 
out. 

National Safety Council statistics show year after year 
that from 30% to 35% of the fatalities are incurred in off- 
the-road accidents, the one-vehicle non-collison type. (Fig. 


6.) 
It was found that our roadsides presented numerous haz- 


ards. In an attempt to apply the second precept of safety 
engineering (to minimize the effect ot accidents), we look- 
ed at the roadsides on adjacent public highways in the hope 
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Fig. 12 — Roadside sign with heavy supports on concrete base 


of finding ready-made solutions. We found that these roads 
were designed according to the same standards as ours. We 
looked at the roadsides of most of the turnpikes and free- 
ways in the north central and the northeastern parts of the 
country and found none of these tacilities is tree trom road- 


side hazards. (2) (Figs. 7 - 9) 
On any road, there are many hazards involved when a 


driver leaves the travelled surface, such as trees, ditches, 
lamp posts, bridge abutments, and traffic signs. Figs. 10- 
12) When our safety engineer looked at the Proving Ground 
road system in his study of accident potential, he found these 
same problems. (Figs. 13 and 14) 

In the early days, trees were planted beside roads (Fig. 
15) to provide shelter from rain and sun. They are beautiful, 
but if an automobile runs into a tree, very serious damage 
is inevitable (Fig. 16). According to the safety engineer, 
trees must be removed from the immediate roadside on all 
major highways (Fig. 17). In parks or residential areas, where 
speed regulations are observed, trees do not present a com- 
parable hazard (Fig. 18). In areas where it is desirable to 
retain trees, appropriate speed controls must be imposed. 

On rural roads where ditches and steep embankments oc- 
cur immediately adjacent to the gravel road surface, speed 
control is imperative (Fig. 19). 

In areas where lamp posts are erected adjacent to the 
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Fig. 16 — Proving 
Ground car-tree 
accident 


ee = 


Fig. 13— Proving Ground 


Fig. 17 — Removal of roadside trees 


highway, speed regulations should be imposed or a sate de- 
sign of the lamp post, as suggested in Fig. 20, should be 
developed. 

The standard installation ot ordinary trattic signs 1s 1n 1t- 
self a hazard on highways where free traffic flow occurs.Fig. 
21 shows that at normal traffic speeds, a collision with a 
standard traffic sign may result in a serious or fatal injury 
to the driver or passengers. 


Guardrails 


In many cases, guardrails are used to protect against ob- 
stacles or unfavorable terrain conditions. The safety of 
guardrail design and installation, and the protection afforded 
to travellers, had not been evaluated in full-scale tests since 
the middle 1930's. At the Proving Ground, we became 
concerned about this problem because we had approximately 
14 miles of guardrails. Tests (Fig. 22) showed that much ot 
our installation was ineffective except for purposes of de- 
lineation. We made a series of tests to determine whether 
the material in the guardrail installations on the road sys- 
Fig. 15 — Tree-lined rural highway tem could be salvaged, and, following that, to determine 
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Ae 18 — Example of conservative speed regulation on Parkway 
rive 


Fig. 20 — Comparison of 
experimental low impact 
tripod lamp post and 
conventional lamp post 


installations 


: 


Fig. 19 — County road with hazardous ditch bank adjacent to 
paved surface 


Fig.21— Damage from collision at 40 mph with traffic sign 
mounted at 42 in. 
the best type of installation where guardrail could not be 


eliminated. 
The series of tests is reported in Highway Research Board 


literature (3). Suffice it to say that we found that a colli- 
sion with a guardrail at angles of impact and speeds normal 
to the freeway system was a very serious accident (Fig. 23) 


Tests were made to evaluate various types ot guardrails con- 
Fig. 22 — Test of 10 year 
old Proving Ground 
guardrail 


struction including post design and spacing, and end treat- 
ment. The conclusion was made that guardrails should be 
eliminated wherever possible. Thus, in the reconstruction 
of our 30-year old highway system, flat gentle slopes are 
being built wherever possible, and guardrail are being re- 
moved. Where this is impractical economically, we are us- 
ing the relatively stiff modern W-beam type of guardrail in- 
stalled on posts at a spacing of 6 ft 3 in. which is halt the 
spacing used in normal standards. 

The end of the guardrail installed according to normal 
highway standards provides a serious and hazardous obstacle 
(Fig. 24). Because some guardrails are still required on the 
road system, we have made considerable effort to modify 
the end treatment to eliminate these hazards. One sugges- Fig. 23 — Experimental collision with guardrail at 65 mph 
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tion tried was to ramp the end ot the rail down to the ground 
(Fig. 25). This type of installation was not entirely satis- 
factory. In the designs evaluated, the ramp was short and 
the car was pitched into the air too tar. Alongerramp would 
be required to control this pitching. 

Concern about this subject has beenexpressed by highway 
authorities, and we tested one installation suggested by the 
Michigan State Highway Department. This consisted of 
using an end section bent to a radius of 50 ft. Tests showed 
that this was not a complete answer to the problem (Fig. 26) 
because relatively high deceleration rates persisting for 0.1 


Fig. 24 — Results of experimental collision with guardrail stand- 
ard end installation 


Fig. 25 — Experimental guardrail ramped end installation 


Fig. 26 — Test of guardrail end section bent to 50 ft radius 


K,A, STONEX 


to 0.2 seconds occurred. 

One of the best solutions we have found is shown in Fig. 
27. Near the logical beginning of the guardrail installation, 
there was a shallow ditch with a backslope about 30 in high. 
It was simple to bury the end of the rail in the backslope and 
obviate the end problem. Fig. 28 is an artist's concept of 
how the guardrail ends may be covered by constructing long, 
low mounds of earth. 


Ditch Section 


When the guardrail and other obstacles are eliminated, 
the drainage becomes ot primary importance in roadside sate- 
ty. We could find no information in the literature which 
would give criteria for rational design of ditch cross sections. 
In the concept of roadside safety, it is implicit that the 
roadside be developed so that the driver can traverse it with- 
out damage to the vehicle, or injury, or extreme shock, so 
that he can recover control and return to the road without 


incident. 

In the absence of data, we made tests from which we de- 
veloped the criteria to establish a rational system for road 
ditch cross section design. (4) 


Bs 27 — Guardrail installation with end buried in ditch back- 
slope 


5 


Fig. 28 — Artist’s concept of method of concealin aararaa nd 
by building long, low mound of earth ie A 
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To do this, we made a simple analysis of the problem 
and computed the severity of passage through a group of 
ditches with different cross sections over a range of speeds 
and angles of attack. 

Then we built a series ot ditches with ditterent cross sec - 
tions and drove cars through them at increasing speed incre- 
ments over a range of angles of attack up to the limit of 
driver tolerance. 

"Vertical" accelerationsnormal tothe car axis were meas- 
ured as an index of severity so the analysis could be verified 
and a value of limiting driver tolerances established. Fig. 29 
shows a typical test scene. 

Fig. 30 and 31 show the basis ot analysis, and Fig. 32 
shows the comparison ot the results computed and observed. 
Under more severe conditions, the observed values were 
approximately twice the computed values. The tolerable 
limit which an experienced test engineer would sustain was 
about 1 g observed; this occurred under conditions where the 
computed value was about 0.5 g, The difference between 


Fig. 29 —Test of experimental ditch section 
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Fig. 30 — Analysis of passage through ditch 
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Fig. 31 — Projection of ditch section on path of car 
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the computed and observed results is attributed to the fact 
that discontinuities occur when the suspension system bot- 
toms, It was concluded, therefore, that a rational criterion 
for ditch cross section design would be to provide that the 
maximum computed acceleration normal to the axis of the 
car would be 0.5 g. Under these conditions, the driver would 
experience a deceleration of about 1 g which would be about 
the limit tolerable without severe psychological or physical 
consequences, 

From these data, we have developed a ditch cross section 
considered appropriate for a speed of 65 mph. At an angle 
of attack of 15 deg, the ditch would be traversable without 
undue shock or alarm to a driver of normal physical qualities, 
Fig. 33 shows the elements which must be specified, and 
Fig. 34 shows the significant relation between severity and 
length of the vertical curve. 


Roadside Slope 


An element of considerable importance in the roadside 
hazard problem is the relation of the slope of the bank and 
the stability of the car (Fig. 35). 


DITCH SECTION 3-6:1; 8 FT BOTTOM 


NORMAL ACCELERATION-g’s 


CAR SPEED-MPH 
Fig.32— Comparison of observed and computed ditch test 
resuits 
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Fig. 33 — Elements of ditch cross section significant in design 
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Fig. 34 — Severity in terms of normal acceleration during pas- 
sage through a ditch as a function of vertical curve length 
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Fig. 35 — Car on test at 65 mph rolls over at top of 4:1 slope 


Fig. 36 — Force and moment relations of car on side slope 
balanced over lower wheel 


Fig. 37 — Measurement of coefficient of ground reaction 
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Fig. 38 — Comparison of coefficient of ground reaction on sev- 
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A mathematical analysis of the car stability problem (Fig. 
36) shows that whena car is ata point of equilibrium of over- 
turning on a roadside slope, the ground reaction force, F, is 
given by 


Et=i——— IWCOs.O (1) 
where: 

T = Car tread 

H = Center of gravity height 

W = Weight 

@ = Angle of inclination of slope 


By dividing through by W, we get an expression 


fe rit cosO (2) 


F = 
WwW 2H 
where: 
f = A coefficient of friction or "coefficient ot 
ground reaction" 

This concept suggests that we may measure the "coeffi- 
cient of ground reaction" as a characteristic of the material 
on the roadside slope surface, and it provides a means of 
specifying the performance of the roadside material if we 
should want to refine our construction procedures in this re- 
spect. 

The factor, T/2H, is a stability characteristic of the car. 
Since the car stability factor, T/2H, averages about 1. 4 for 
current vehicles, with some variation due to design consid- 
erations, it is interesting to compare this stability factor with 
some observations of the coetticient of ground reaction. We 
made some measurements on sod by the method indicated 
in Fig, 37 and on some other types of surfaces, and found 
typical results as indicated in Fig. 38. This shows that the 
sod surfaces had coefficient of ground reaction of approxi- 
mately 1.2, either wet or dry, and it appears, thus, that 
there is a narrow margin between the stability tactor of the 
car and the “frictional” characteristics of a typical roadside. 
This margin is so small that the importance of smooth, firm 
roadside slopes can hardly be ignored. 

Since the car sliding down the roadside slope will be de- 
celerated by the ground reaction force, it is of some interest 
to compute the deceleration rate at which the car will trip 
and overturn. 

It can be shown that this deceleration is given by the fol- 
lowing expression: 


ay. ee : 
= On cos@ - sind (3) 
where: 
a = Deceleration in ft/sec/sec 


Acceleration due to gravity 


SCIENTIFIC HIGHWAY DESIGN FOR SAFER MOTORING 


The effect of the roadside slope on the stability is shown 
in Fig. 3Y¥ where the percent ot decrease in the deceleration 
required to trip the car 1s shown as a function ot the side slope. 
This shows, tor example, that on an &:1 slope, which 1s quite 
flat, 6% less deceleration is required to trip the car than on 
a level road, and, on a steep slope, the car can be tripped 
much more easily. The deceleration required to overturn 
the car on a 2:1 slope is 20% less than that required to tip it 
over on a level road, 

The stability factor shows by direct inspection that the 
value is increased as the treadisincreased, and as the center 
of gravity height is lowered. If we take derivatives to find 
the rate of change, we find that the rate of change of the 
stability factor is negative and inversely proportional to the 
square of H, the center of gravity height, that is, the con- 
tribution of the center of gravity height to the stability fac- 
tor varies as the negative reciprocal of H*. Thus, the auto- 
mobile designers who have progressively made lower and low- 
er cars, with lower and lower heights of center of gravity, 
have increased the stability by significant amounts, and the 
fact that we have some margin over the coetficient ot ground 
reaction of the normal roadside slope is undoubtedly due to 
the trend toward lower and wider cars. 


1960 Design Standard 


From our consideration of roadside hazard problems, we 
have developed design standards identified in Fig. 40 as the 
General Motors Proving Ground 1960 Road Section Design 
Standards. Among the elements are: 

1. Where reasonably high speed may be anticipated, above 
35-40 mph, the roadside will be clear otf obstacles including 
drainage structures for 100 ft from the edge of the road. 

2. Ditch cross section design to provide a maximum cal- 
culated severity of 0.5 g, normal acceleration at 65 mph at 
15 deg angle of attack will be provided. 

3. No guardrail will be installed unless extreme terrain 
requires it. 

4. Where terrain considerations require, guardrail will 
be of the beam type with posts at 6 ft 3 in, spacing where 
speeds of about 35 mph may be anticipated. 

Several roads representing this design concept have been 
constructed (Figs. 41 and 42), and we have a program current 
at the Proving Ground whereby the earlier roads having sub- 
stantial traffic volumes are being reconstructed according to 
this concept. (Figs. 43-46.) 

This material has been presented in other forms to num- 
erous highway groups including national and regional meet- 
ings of the American Association ot State Highway Officials, 
and to conferences of several of the state highway organiza- 
tions, specifically Maine, New Jersey, Texas, Uregon, Micn- 


igan, and Onio, and to the stafts of several of the turnpike: 


authorities. 
One of the questions which arises immediately 1s the rel- 


ative cost of construction, Proving Ground roads constructed 
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SLOPE-RATIO 


Fig. 39 — Influence of roadside slope on reduction of “tripping” 
deceleration 
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Fig. 40 — Proving Ground 1960 road cross section standard 


Fig.41 —Test road at Proving Ground constructed according 
to 1960 standard 


Fig. 42 — Test road at Proving Ground with roadside trees set 
back to give an unobstructed roadside up to 100 ft from pave- 
ment edge 
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Fig.43 — Proving Ground Test Track after modernization of 
roadside 


Fig. 44 — Typical scene of Test Track after reconstruction to 
bring roadside up to 1960 standard 


or reconstructed according to this standard, have included 
those on tlat and rugged terrain, Constructioncost vary wide- 
ly depending upon the terrain, On one road built on nearly 
level terrain, the cost of construction according to the 1960 
Standard was only about $9500 per mile more than it would 
have been it conventional standards employing steeper slopes, 
deeper ditches, and clearance of obstacles only to the toe ot 
the slope or top of cuts had been used. The most expensive 
reconstruction was on a long, steep hill, part ot which is a 
14% grade, and the remainder approximately 10%, This re- 
construction involved an expensive drainage system, and the 
cost of reconstruction above the elementary 1926 Standard 
was about $70, VUUU per mile. On our'lest ‘!rack, reconstruc- 
tion of the inside edge only was $41, UUU per mile, but on 
our gravel Hill Road, which has many sharp curves and steep 
grades, the cost of reconstruction was about $26, 000 per mile. 

This investment in satety ot the Proving Ground road sys- 
tem is a good one. We have had 14 minor accidents in areas 
where the roadside has been reconstructed. Without recon- 
struction, any one or all ot them could have been tatal. We 
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Fig. 45 — Track access road during modernization. The steepest 
grade in central portion of picture is 14%. This is a one-way 
downhill road. 


Fig. 46 — Proving Ground gravel road after modernization of 
roadside 


think the public highway construction standards should be 
raised to meet the 1960 Standard wherever the terrain per- 
mits, and that this would be an equally good investment. 

Some meaningtul data are being accumulated on the cost 
of accidents, Possibly the best are trom the Masachusetts 
Study, one result ot which is reproduced in Fig. 47. (0). This 
shows not only that roads with controlled access have a sub- 
stantially lower cost of accidents per mile, but also that a 
very signiticant sum of money 1s being wasted each year per 
mile of highway in highway accidents, This tigure shows 
that, on controlled access roads, the yearly accident cost 
per mile is approximately linear with respect to traffic vol- 
ume, and that the cost of accidents is about $0.67 per ve- 
hicle for each mile of road. On roads without control of ac- 
cess after the volume reaches about 7000 vehicles per day, 
the cost of accidents is approximately $4.00 per vehicle for 
each mile of roadway. For example, on a road of thistype 
carrying a traffic volume of 15,000 vehicles per day, the 
cost of the accidents each year is about $45,000. When we 
look at accident costs of $20,000 and $30,000 per mile per 
yea", an investment of $30,000 to $50, 000 per mile in orig- 
inal coustruction for safety, or reconstruction for safety, ap- 
pears to be small, 

To relate these traffic volumes to highways upon which 
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Fig. 47 — Yearly accident cost on roads with controlled access 
and no control of access — Massachusetts study 


the traffic situation is familiar to residents of Detroit, the 
current average daily tratfic volumes tor a number ot arter- 
ial highways in the Detroit area are listed. (These data are 
provided through the courtesy ot the Michigan State Highway 
Department. ) 


Average Daily Traffic Volumes 
Highways in Detroit Area 


US 25 - 
18,000 at Allen Park, south city limit 


53,000 at north Detroit city limit 
15,000 at Mt Clemens, north city limit 
7,000 at Marysville, west city limit 
M 53 (Van Dyke) - 
55,000 at Detroit city limit 
14,000 at Utica, north city limits 
5,000 at Romeo, north city limits 
M 150 (Rochester Rd) - 
10,000 from north limit Clawson to north limit 
Rochester 
US 10 (Woodward) - 
61,000 at nerth Detroit limit 
36,000 at north Birmingham limits 
US 24 (Telegraph) - 
22,000 south Dearborn limit 
25,000 at intersection Grand River 
19,000 at intersection 14 Mile Road 
US 16 (Grand River) - 
36,000 at intersection McNichols 
27,000 at intersection 8 Mile Road 
16,000 at intersection 10 Mile Road 
12,000 at intersection US 23 
10,000-11,000 Brighton to Williamston 
7,000 at Portland 
M 14 (Plymouth Road ) - 
23,000 at intersection with Telegraph 
7,500 at Plymouth east limit 
5,000 - 7,000 Plymouth to Ann Arbor 
Wii yecs 
36,000 at intersection of US 24 
15,000-12,000 Wayne to Ypsilanti 
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6,500 at intersection of US 23 
6,000-4,000 Saline to Sturgis 
US 12 - 
32,000 west of intersection with US 24 
24,000 - 19,100 from US 24 to Willow Run area 
9,000 Ann Arbor to Jackson 
5,000-7,000 west to Kalamazoo 
US 27 - 
6,000-7,000 Lansing to Alma 
5,000-3,000 Alma to Houghton Lake 
4,000-3,000 Houghton Lake to Indian River 
Edsel Ford X- Way - 
124,000 at intersection of US 16 


This shows that most of the arterial roads in the metro- 
politan area carry traffic volumes in excess of 10,000 vehi- 
cles per’day, and that several of them have volumes on the 
order of from 30,000 to 50,000. It should be clear, then, 
that the accident costs reflected in this Massachusetts Study 
can be taken as representative of the accident costs on the 
metropolitan district arterial highways of the Detroit area, 
It seems clear that the yearly cost of the accidents on these 
roads would pay much of the cost of modernization even at 
costs reflecting urban and suburban property values. 

It is estimated reliably that, nationwide, the cost of ac- 
cidents is the equivalent to a tax of $0,125 per gal of fuel 
(6). While this may not be distributed in exactly those terms, 
a good portion of it is distributed in the cost of insurance, 
and it is fair to say that the cost of accidents to us as indi- 
viduals approaches the cost of gasoline tax, 

# 


Summary 


Application of high design standards in the contruction of 
toil facilities and comparable highways in the United States 
results in an accident death rate less than half of that for the 
country as a whole, Several of the newest and best- designed 
and operated of these facilities have an accident death rate 
much lower than the average. With the application of the 
highest design standards in current use, it is evidently pos- 
sible to achieve accident rates as low as 1/5 that of the pres- 
ent national average, 

We have called attention to some concepts of roadside 
design and elimination of roadside obstacles which are a re- 
finement of the standards of even the newest of the modern 
highway facilities. We believe that the application of these 
concepts would achieve a further significant reduction in ac- 
cident death rates on even the best of our present roads. 

We believe that the application of these concepts of safe 
roadside design to the remainder of the public highway sys- 
tem, even without changes in alignment or grade of theroad, 
would contribute very significant reductions in the totalnum- 
ber of road accident fatalities and injuries. This belief is 

«confirmed by experience on our own road system where, dur- 
ing the past two years, modernization of the roadside has 
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made only minor incidents out of several accidents which 
could have been fatal. 


We believe there isneed for better public understanding . 


of the potential gains in highway safety which may be achiev- 
ed by scientific design, and a need for better public support 
of the highway program. Even if the gains in public safety 
are not sufficient motivation, the cost of accidents shouldbe. 
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The mechanism of noise transmission from the engine 
cover is, of course, one of noise reradiation. If there is no 
structure-borne vibration utilizing this cover as a sounding 
board, then sound transmission through an airtight barrier is 
reradiated by virture of sympathic vibrations induced by the 
airborne noise acting on the flexible panels of the cover. 

One last concept bears mentioning, and this concerns the 
difference between noise transmission loss through an enclo- 
sure and noise reduction. When a noise source is confined 
by an enclosure, there is an accompanying sound level 
buildup in the near field (that is, inside the enclosure) due 
to reflections at wall and noise reradiation back into the en- 
closed volume. This reverberant buildup decreases the ef- 
fectiveness of the barrier since it makes the noise source ap- 
pear more severe than if no enclosure were present. This 
effect may be limited (particularly in the higher frequency 
range) by the application of sound absorbing material on the 
interior of the cover. 
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Fig. A— Frequency radiation of 3000-rpm engine 


Piston Rings for Transportation Diesels 


PISTON RINGS are well known mechanical elements in our 
modern technology, and are quite simple in their fundament- 
al configuration. For the first 100 years of ever broadening 
usage of reciprocating engines, pumps and compressors, plain 
rectangular cross-section gray cast iron piston rings operating 
against gray cast iron cylinders met the functional require- 
ments, without appreciable scientific development. The 
structural and frictional characteristics of unalloyed pearlitic 
grey iron have been so successful that this material has been 
the base upon which the piston ring industry has been built, 
and is the basis for comparison of newer ring materials. It 
can be safely said that the only reason a ring is fabricated 
of some material other than gray iron is because of the in- 
adequacy of gray iron for one or more of the functional re- 
quirements. 

Over the last 30 years, piston ring technology has_be- 
come progressively more sophisticated, at an increasing rate. 
One of the earliest basic references in cast iron metallurgy 
was published in 1916 (1)*. We are in transition from art to 
science, but much art still prevails. We cannot as yet feed 


*Numbers in parenthesis designate References at end 
of paper. 
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“ 
the digital computer data and end up with the solution to a 


piston ring problem. A list of the sciences involved in pis- 
ton ring technology include: mechanics, strength of mate- 


tials, fluid mechanics, pneumatics, thermodynamics, chem- 


istry, lubrication, corrosion, metallurgy, materials com- 
patibility, friction and wear. Pure scientists may question 
this list as to definition. We however, recognize that there 
are thousands of papers and chapters of books in existence on 
these subjects that contribute to the state of our technology. 

It is also desirable to identify the requirements of the die- 
sel engine builder in his application of piston rings. The en- 
gine builder expects the piston’ rings he applies to accom- 
plish the following: 

1. The primary function of internal combustion engine 
piston rings is to form a circumferential gas seal between two 
concentric cylinder surfaces to which reciprocating motion 
is applied. 

2. A secondary function is to control the lubrication of 
the elements of the system. 

3. It must contribute to high engine efficiency. This 
involves the control of friction horsepower as well as main- 
taining a gas seal. 

4, It must be easy to break in, and arrive at botha good 
gas seal and good oil control quickly. 
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5. It must be stable for life and maintain consistent per- 
formance, 

6, It must be insensitive to varying environmental con- 
ditions, including fuel, lubricant, and atmospheric variables. 

7. It must be flexible enough in performance to function 
under widely varying operational conditions in terms of load, 
speed, and acceleration. 

8. The seal must have a benign effect on the other ele- 
ments of the system. It must minimize cylinder and piston 
wear. 

9. It must be tolerant of the over-all less sophisticated 
conditions that will necessarily prevail in field replacement. 

10. It must be easy to install, both initially and in re- 
placement. 

11. It must be inexpensive in first cost due to the high lev- 
el of competition in the engine business and the power gen- 
eration business. 

The mutual consideration of the requirements of the user 


and the sciences involved in satisfying those requirements 
demonstrates the technological complexities which exist. In 
any complex situation, it becomes necessary to select a lim- 
ited approach. We shall consider, in this paper, the subject 
largely from the viewpoint of materials. The significant 
properties of modern piston ring materials will be presented, 
as related to wear and to other performance criteria. Coat- 
ings for piston rings have been evaluated by bench test pro- 
cedure and will be discussed. Laboratory bench type wear 
and physical tests have been supported by engine tests; re- 
sults will be evaluated. Typical transportation diesel piston 
ring arrangements will be discussed, both in general and with 
respect to the most significant features of each. Since the 
subjects of heat stability and fatigue of piston ring materials 
already covered in a previous publication of the author's 
company (2), it will not be covered herein. 


Types of Wear 


The subject of wear is a very complex one. Wear ac- 
counts for millions of dollars wasted every year in worn out 
engines. Since wear has received much attention in recent 
years now we have fair understanding of wear, it causes and 
in some instances its cure. There is even at the present time 
a special technical publication devoted entirely to wear. (3) 
It is recognized that wear is comprised of one or more of the 
following types: 

1. Adhesive wear or galling. 
. Abrasive or cutting wear. 
Corrosive Wear. 
Surface Fatigue. 
Minor types. 

The first three types of wear listed above account for the 
major portion of wear encountered in piston rings and cyl- 
inders. These wear types have been extensively defined and 
described in the literature (4). Therefore, only a brief dis- 
sertation will be given here as related to piston ring wear. 
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Adhesive Wear - This type of wear is often called scuff- 
ing or galling. Early stages of adhesive wear are sometimes 
called incipient scuffing. According to the basic concept, 
adhesive wear occurs whenever two solid surfaces are in rub- 
bing contact, whether they are lubricated or not. Because 
of the impossibility of making contacting surfaces of metals 
truly flat, local high points are subjected to extremely high 
pressures, often exceeding the yield point of one of the mat- 
ing surfaces. This combined with relative sliding motion 
causes local welding of these high points and on continued 
sliding these points are sheared. This results in wear of the 
contacting metals and creates a local weld tear which will 
generate further wear as a loose particle or will reweld on 
the original surface and thereafter plow across the mating 
contact surface ofthe other part. This generally creates a 
condition most commonly called scuffing. 

In studies of scuffing of chromium plated rings in diesel 
engines we have noted localized softening due to overheat- 
ing of the metal. This is associated with incipient scuffing. 
X-Ray diffraction photograms, using the back reflection tech- 
nique, of small discolored areas of the bearing face of the 
chromium plated rings indicate temperatures associated with 
incipient scuffing to be on the order of 1000-1100 F (Fig. 1). 


Abrasive or Cutting Wear - In this type of wear the re- 


moval of metal from a surface is accomplished by a mate- 
rial which is sufficiently hard to scratch one or both of the 
mating surfaces. This scratching, sometimes referred to as 
scor ng, can be accomplished by one of two means: 

1. Ifa large differential of hardness exists between mat- 
ing surfaces, the harder of the two may scratch the other one 
thus causing the softer to wear. 

2. Ifa hard foreign particle, harder than either of the 
two mating surfaces, such as a particle of grit. is loosely 
rolled between the two mating surfaces, it will score or plow 
both surfaces as the two mating surfaces translate over one 
another. In some instances a hard foreign particle becomes 
lodged in a minute crack or crevice of one of the mating sur- 
faces and protrudes from this surface sufficiently so that it 
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Fig. 2— Example of abrasive wear on OD of chromium plated 
piston ring, 250X 


scratches or plows through the other mating surface on the 
next stroke. 

This type of wear is exhibited in Fig. 2 which shows a 
scratch mark on the surface of a chromium plated pistonring 
taken from a 4-cycle diesel engine. This scratch appears 
to have been caused by a single hard particle embedded in 
the cylinder at top ring travel. It is interesting to note that 
these scratch marks show the very slow rotation of the piston 
ring in the groove on successive strokes, It is also evident 
that the piston ring does not continue to rotate in the same 
direction but on occasion reverses direction. 

Corrosive Wear - Corrosive wear takes place when a cor- 
rosive environment produces a reaction product on one or 
both of the rubbing surfaces and this reaction product is sub- 
sequently removed by rubbing. In many instances the cor- 
rosive by-product results in abrasive wear in addition to met- 
al lost through corrosion. 


Metallurgical Aspects of Piston Ring Materials 


To meet the demand of ever increasing power and speed 
the piston ring industry has developed higher strength piston 
ring materials. Whereas gray cast iron was originally used 
in practically all instances, the transition has been to the 
malleable iron materials, to the ductile iron materials, and 
in some instances to specialty steels. Gray cast iron, how- 
ever, has not fallen into disuse as a piston ring material for 
diesel engines. As a matter of fact, it still enjoys a high 
degree of popularity, particularly for intermediate and oil 
rings where operating conditions are somewhat less severe 
than for top compression rings. 
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Since gray cast iron has long been recognized as an ex- 
cellent wearing material, one of the primary purposes of 
this paper is to examine gray cast iron from the standpoint 
of its various metallographic constituents and from this ex- 
amination attempt to explain why it is a good wearing ma- 
terial. The malleable irons, ductile irons and steels will 
likewise be evaluated and these materials will then be com- 
pared with each other and with gray cast iron. 

From Tables 1-4, it is obvious that as a family the gray 
cast irons have the lowest strength, the malleable rate sec - 
ond, the ductiles third and the steels have the highest 
strength. It must be admitted that the transition from gray 
cast iron to malleable iron has been accompanied with some 
sacrifice of adhesive wear properties. The ductile irons used 
as piston ring materials have regained some of the wear prop- 
erties but not all of them. It will be seen that the adhesive 
wear properties of the steels, in general, are poor; however, 
some of the specialty steels and the eutectoid carbon steel 
possess some desirable wear characteristics. We will attempt 
to explain why these steels possess good wear properties. 

Considerable research effort has gone into developing 
special wear resistant coatings, and special groove filling 
materials for irons and steels which possess borderline wear 
qualities. The subject of coatings and fillings will be cover- 
ed in a separate section in this paper. 

The piston ring industry is cne of many concerned with 
the subject of metal-to-metal wear. Whereas gray cast iron 
of the unalloyed type (Table 5-A) was formerly used for 
practically all piston ring applications (automotive, steam, 
and diesel, increasing engine horsepower (BMEP) has dictated 
the use of higher strength materials. « This has been done as 
a first step by utilizing two and later three types of special 
malleable irons: Table 5-C (pearlitic malleable) and 5-D 
(two hardness levels of martensitic malleable iron). The 
transition from gray iron to the malleables has been accom- 
panied by an increase in piston ring strength by a factor of 
3 to 4 over gray iron. Impact strength has been improved 
by a factor of 4 to 8 over gray iron, and the elastic modulus 
has been roughly doubled. 

The ductile irons, Table 5-E (pearlitic ductile), has im- 
proved the strength over pearlitic malleable by a factor of 
about 1.5 and the impact strength by a factor of 2.6, which 
is roughly 17 times greater than gray iron. The elastic mod- 
ulus of the ductile irons is about the same as the malleables 
which is approximately twice that of the gray irons. 

When the irons and steels of Table 5 are arranged in or- 
der of their Modell Factor, Oberle's criterion for good wear 
(5), the materials fall in the order shown in Table 6. 

In a broad sense, Oberle's "Modell Factor" appears to ar- 
range materials of many different kinds and types roughly in 
order of their good-to-poor wear properties. However, it 
fails to consider metallographic material properties as they 
effect wear and it also fails to take the mating surface into 
consideration. 

For example, consider the gray cast irons, Table 5-A and 
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B; these are two gray irons both possessing the same "Modell 
Factor" since their hardness and elastic moduli are roughly 
the same. Still one material (A) is very good in wear, where- 
as the other (B) is a very poor wearing material. To account 
for this difference, a close examination and comparison of 
the metallographic constituents is in order. 

Graphite - The graphite type shown in the photomicro- 
graph of Tabie 5-A is denoted the normal flare (AFS-ASTM- 
Type A) graphite. It is formed from the gray iron melt at 
the eutectic temperature (about 2075 F) and a very notice- 
able amount of temperature recalescence in the cooling 
curve is associated with its formation. It is called normal 
flake graphite because the graphite is formed directly from 
the liquid iron during a temperature stabilization period at 
2075 F. At the time of the eutectic arrest, the eutectic of 
austenite and graphite solidify on spherical crystallization 
fronts until the liquid has converted to the solid. 

The graphite of Table 5-B is often called "Undercooled 
graphite". This type of graphite is formed on cooling as 
is the graphite of 5-A. However, there is no noticeable tem- 
perature recalescence in its cooling curve. Notice that in 
5-B there is a very strong dendritic pattern in the structure 
which possesses areas devoid of graphite flakes. The den- 
drites of 5-B formed rapidly during cooling and the remain- 
ing liquid metal became supersaturated with carbon after the 
temperature of the partially solidified mass dropped below 
the eutectic temperature. The supersaturated liquid then 
suddenly ejected the excess carbon as small isolated flakes 
between the previously formed austenite dendrites. Tests 
and extensive field experience have shown the AFS-ASTM 
Type D graphite structure to possess poor wear properties. 

The wear resistance of cylinder liners containing differ - 
ent graphite sizes and configurations have been tested by 
other investigators (6). In one such test the graphite varied 
from 100% AFS-ASTM Type D in one liner to various per- 
centages of AFS-ASTM Type A graphite in additional liners. 
One liner contained Size 4 to 6 graphite with some AFS-AS- 
TM Type B; another liner contained AFS-ASTM Type A, 
Size 3to 4. One liner was 5150 steel. The effect of the 
matrix in these tests was nullified by hardening and temper- 
ing all liners so that the matrix structure of all liners were 
tempered martensite, The results showed the scuff resistance 
of the steel liner to be the lowest. The AFS-ASTM Type D 
graphite liner was a close second, while the liners contain- 
ing the larger sizes of AFS-ASTM Type A graphite possessed 
the greatest resistance to scuffing. Extensive wear testing 
by Shuck (7) also substantiated the poor wear resistance of 
Type D graphite. There seems to be little disagreement a - 
mong the investigators of the deleterious effect of the AFS- 
ASTM Type D graphite and the superiority of the larger Type 
A graphite. 

Matrix - The matrix of both irons, Table 5-A and B, con- 
sist, upon solidifying from the melt, of gamma iron or aus- 
tenite (a solid solution of carbon in iron). On cooling to room 
temperature the matrix structure transforms to pearlite or a 
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PISTON RINGS FOR TRANSPORTATION DIESELS 


Description of Material 


Table 1 - Piston Ring Materials From The Gray Cast Iron Family 
100X Picral Etch 


ae |= 7 Se NNN coma (NOPE EK 2400 5 [HNC Rein 


Unalloyed Gray CastIron Unalloyed Gray CastIron Alloyed Gray CastIron | Alloyed and Fully A High Nickel Aus- 


Cast Individually in Cast Individually in Cast Individually in Heat Treated Indivi- tenitic Gray Iron 
Green Sand Molds Green Sand Molds Green Sand Molds ually Cast Iron Cast Centrifugal or 
in Green Sand Molds 
Matrix — Pearlite Matrix — Pearlite Matrix — Pearlite Matrix - Tempered 
and Accicular | Martensite 
For piston rings possess - For piston rings possess - For piston rings of For small or large Used for piston 
ing section sizes up to ing section sizes over small or large section section sizes — heavy rings or piston in- 
7/32 in. 7/32 in. up to 0.750. size requiring higher duty service. serts where corro- 
strength than K -Irons. sion or expansivity 
must match alu- 
minum. 
Typical Chemistry Yo Jo Jo %o 
Total Carbon 3.55 3.35 - 3.90 J-30°—'3. 00 2.40 - 2.80 
Silicon 2.10 1459 9743-.10 1. 505-35 10 1.50 - 2.50 
Manganese 0. 60 0. 60 0. 60 1. 25 
Sulphur 0.13 Max. 0.12 Max. 0.13 Max. 0.12 Max. 
Phosphorus 0. 40 0.30 0.40 Max. 0.10 Max. 
Nickel ae = A510 15.0 
Chromium 0.50 Max, 0.30 0.30 2.10 
Others 0.45 Mo. 1.10 Mo. 6.50 Cu. 
Mechanical Properties 
Tensile Strength (min. )psi 30,000 - 40, 000 45, 000 30, 000 
Transverse Rupture 
Strength (min. ) psi 60, 000 50, 000 55,000 - 73, 000 85, 000 50, 000 
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Table 2 - Piston Ring Materials from the Malleable Iron Family 
100X Picral Etch 
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Description of Material Unalloyed Pearlitic Alloyed Tempered Martensitic Alloyed High Hardness 
Malleable Iron Malleable Iron Martensitic Malleable Iron 
Used for piston rings requiring high Used for piston rings requiring high Used for piston rings requiring high 
strength and impact resistance. Most strength and impact resistance. Most strength and impact resistance. Most 
generally used against hardened steel generally chromium plated for serv- generally used against chromium 
or hardened cast iron when unplated, ice against cast iron or steel barrels. plated cylinder barrels. 
Typical Chemistry Ao Io Io 
Total Carbon 2.85 - 3.50 2.85 - 3.50 2.85 - 3.50 
Silicon 0.95 - 1.45 1.00 - 1.65 JOU 1..65 
Manganese 0.75 0.75 0.75 
Sulphur 0.10 Max. 0.12 Max. 0.12 Max. 
Phosphorus 0.10 Max. 0.30 Max. 0.30 Max. 
Copper oS 0.50 0.50 
Molybdenum =~ 0.50 0.50 
Others se == -- 
Mechanical Properties 
Tensile Strength (min) psi 70, 000 88, 000 95, 000 
Transverse Rupture (min)psi 117,000 146, 000 130, 000 
Maximum Allowable 
Transverse Stress psi. 70, 000 80, 000 80, 000 
Transverse Modulus of 
Elasticity psi 19 - 23 x 106 20 - 24 x 106 20 - 24 x 108 
Hardness 74-92RG 24 - 30RC 40 -46RC 
Impact Strength in. 
lb 0.140 x 0.260 10 10 ) 
Coefficient of Expansion 8.0 x 10-6 in/in/ F 8.0 x 10-6 in/in/ F 8.0 x 10-6 in/in/ F 
Density 0.2625 Ib/in. 3 0, 263 0. 263 


Photomicrographs reduced in reproduction 10%. 
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PISTON RINGS FOR TRANSPORTATION DIESELS 


Description of Material 


Table 3 - Piston Ring Materials From the Ductile Iron Family 


100 X 


K-16 


Unalloyed Pearlitic Ductile 
Iron 

Used for piston rings requiring high 
strength and impact resistance. Typ- 
ical Applications: Diesel Pile Driv- 
er, Top Rings 2- and 4-Cycle Die- 
sels 4-1/4 to 21 in. Bores. 


Picral Etch 


K-27 


Alloyed Martensitic Ductile 
Iron 

Used for heavy duty diesel engine 
applications both small and large 
bores. Generally chromium 
plated. 


Photomicrographs reduced in reproduction 10%. 


Typical Chemistr Yo Ao 
Total Carbon 3.00 - 3.65 3.00 - 3.65 
Silicon LP TON 2270 1.70 = 2570 
Manganese 0.50 0.50 
Magnesium 0.05 0.05 
Sulphur 0.03 Max. 0.03 Max. 
Phosphorus 0.10 Max. 0.10 Max. 
Copper = 0.50 
Molybdenum a 0.50 
Mechanical Properties 
Tensile Strength, psi 90, 000 110, 000 
Yield Strength, psi 65, 000 80, 000 
Elongation 3% 3% 
Transverse Rupture (min) psi 130, 000 165, 000 
Maximum Allowable Transverse Stress psi 70, 000 100, 000 
Transverse Modulus of Elasticity psi 21 - 25 x 106 21 - 25 x 106 
Hardness 22 - 82RC 24-30RC 
Impact Strength in. -lb 0.140 x 0.260 
Unnotched Bar (Min) 30 23 
Coefficient of Expansion 124 x 107° HA 10-6 
0, 255 0. 255 


K-28 


Alloyed High Hardness 
Martensitic Ductile Iron 
Used for direct running a- 
gainst chromium plated bar- 
rels of channel type. Inter- 
mediate rings and oil of 
small and large bore diesels. 
To 
3.007= 3.65 
LATO = "270 
0.50 
0.05 
0.03 Max. 
0.10 Max. 
0.50 
0.50 


120, 000 
100, 000 
27o 
180, 000 
150, 000 
22, - 26 x 108 
40 -46RC 


8 
AGEL GS 
0.255 
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Description of Material 


Typical Chemistry % 
Carbon 


Silicon 

Manganese 
Phosphorus 

Sulphur 

Nickel 

Chromium 
Molybdenum 
Typical Mechanical Properties 
Tensile Strength, psi 
Yield Strength, psi 
Elongation % 

Elastic Modulus, psi 
Hardness 


Coefficient of Expansion in/in/F 
Density 1b/in. 3 


Table 4 - Piston Ring Materials from Various Steels 


SAE 9254 


SAE 52100 


SAE 1010 
Carburized or 
Carbo - 
Nitrided 


a a 


SAE 1060 


Silicon-Man- 
ganese Steel 


Used for top 


High Chrom- 
ium Bearing 
Steels 


Used for top 


Low Carbon 
Unalloyed 
Steel Car- 
burized or 
Carbo -Ni- 
trided to im- 
prove Wear & 
Spring Prop- 
erties 


lvednien Car- 
bon Unalloy - 
ed Steel 


E 


SAE 1095 
Medium High 
Carbon Unal- 
loyed Steel 


Used for oil 


Used primar - Used primar - 


Nitrided 
Nitralloy 135 
Modified 
A Special Alloy 
Steel Which, may 
be Nitrided (Sur- 

face Hardened) 
without Quench- 
ing With Am- 
monia Gas 


Experimental 


440C 
Stainless 

Steel 
High Chrom- 
ium High Car- 
bon Stainless 
Steel 


Used with 


rings chrom - rings chrom - control rings ily for fabri- ily for fabri- | rings in chan- some success 
ium plated — | ium plated, cated steel cated steel nel chromium against chan- 
small bore small bore oil control oil control plated barrels nel chromium 
diesels diesel & air- rings rings plated barrels 
craft engines il z| 
0.50 - 0.60 OF9S = 7.10 0.08 - 0.13 0.65 - 0.75 0.90 - 1.08 0.38 - 0.45 0.95 - 1.20 
Carburize to 
about 0. 90 

1.20 = £560 0.20 - 0.35 0.20 - 0.35 0.20 - 0.35 0.20 - 0.35 0.20 - 0.40 1.00 Max. 
0.50 - 0.80 0.25 - 0.45 0.30 - 0.60 0.60 - 0. 90 0.30 - 0.50 0.40 = 0.70 1.00 Max. 
0.040 Max. 0.025 Max. 0.04 Max. 0.040 Max. 0.040 Max. a5 325 
0.040 Max. 0.025 Max. 0.05 Max. 0.050 Max. 0.050 Max. <a aes 

wae = aa --- Al. 0.85 - 1.20 0.50 Max. 

== aie =e 1 409= 1/80 GO = SAO 
2a aor 0.30 - 0.46 0.75 Max. 
220, 000 215, 000 160, 000 215, 000 145, 000 285, 000 
200, 000 152, 000 112, 000 152, 000 125, 000 275, 000 
Wo 10% 13% 10% 20. 5% 1.0% 
29 x 106 29-30x106 | 29-30x106 | 29-30x106 | 29-30 x 106 30 x 106 
RC 46 RC 57 - 60 RC 33 RC 57 Core RC 32 RC 58 
Case RC 
67-70 

6.5 x 106 ub x 10° 6.5 x 10-6 Gx 10:0 6.5 x 1076 6.2 x 10-6 
0. 283 0, 283 0.283 0.283 0.283 0,280 
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Table 5 - Comparison of Properties - Gray Irons, Malleable Irons, Ductile Irons, Steels 


cS eS 2 Pe ee ee oe Malleable Irons 


pee Vas 


AFS-ASTM AFS -ASTM 
Type A 250X Type D 250X 
K-Iron 


Pa eee i eo 
Wear Rating ery coocis IR) Geir Or aa 
Total Carbon 3,60 MEE) Ome pe 
Combined Carbon 0.83 1 AR ae 


Graphitic Carbon % by 

% by Weight eit 2.77 Ce 

Graphitic Carbon % by Vol 8. 85 8. 85 7, 32 

Tensile Strength Typical 35, 000 32, 000 a 
Bhn 234 Bhn 205 Bhn 270 

Elastic Modul cee ey ees ee 


Impact Resistance 0.140 x 
2.5 19 


0.260 Unnotched Bar 


Density 1b/in. 3 0.2560 0.2560 0.2625 


Bhn 
1 Sian, eect te 
Modell Factor En e026 18 15 
Photomicrographs reduced in reproduction 12%. 


e co 
oe) e 
fo) 


ie 


(D &E) 


Martensitic Malleable 


250X 
F-88 
D 
Good (—) 
3.10 
0. 90 


2.20 
7.20 

105, 000 
Bhn 260 
RC 26 
24.6 x 106 


24 
0. 2625 


10.5 


K-26 

E 
Good (—) 
3.10 
1.00 


2.10 

6. 85 

144, 000 
Bhn 415 
RC 44 
24.9 x 106 


12 
0.2625 


Lf 
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Wear Rating 


Total Carbon 
Combined Carbon 
Graphitic Carbon % 
Graphitic Carbon % by Vol 
Tensile Strength Typical 


Hardness 

Elastic Modulus 

Impact Resistance 0.140x 
0.260 Unnotched Bar 

Density 1b/in® 


Bhn 


Modell Factor -- ————— 
En x 10-6 


Photomicrographs reduced in reproduction 12%, 


Table 5 - Comparison of Properties — Gray Irons, Malleable Irons, Ductile Irons, Steels 
Ductile Irons 


Steels 


Pearlitic Ductile Martensitic Ductile Pearlitic Steel 


250X 250X 250X 


K-27 K-28 SAE 1090 
G H I 


fop) 


Kel 


Good wear for plain carbon 
steel but rates poor with 


Good (+) Good (+) the irons. 
RCO 2.00) SG) olo.82 
2.77 Cn ne ee ae 
ee ae a 
| 1287000) a = ae 000 150, 000 115, 000 


Bhn 250 Bhn 404 
RC 24 RC 43 
23.0 x 106 22.9x106 23,4x106 


0.255 0, 255 0. 283 


11 12.4 ls 2 


Bhn 283 
RC 30 


Oo 
S 
bo 
ES) 


0.255 


Tool Steel 
250X 


300, 000 
Bhn 752 
RC 66 

31 x 108 
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mixture of pearlite and ferrite. The interdendritic matrix 
material surrounding the very fine graphite is usually ferritic 
(pure iron or a solid solution of iron and silicon), The large 
dendrites of Table 5-B are usually pearlitic. The total ma- 
trix of Table 5-A is pearlitic, providing a normal cooling 
rate is maintained as in green sand molds, core sand, or shell 
molds. 

Pearlite is also the eutectoid structure of steel. It con- 
tains a fixed amount of carbon (0.83%), all of which exists 
in the combined state as cementite FegC. Cementite is a 
very hard and very stable intermetallic compound. The gross 
structure of pearlite consists of alternate platelets of the in- 
termetallic compound FegC and Ferrite (pure iron or a solid 
solution of iron and silicon). Cementite measures about 6.5 
on Mohs scale of hardness for it will scratch Feldspar but will 
not scratch Quartz. On the Brinell scale it measures about 
Bhn 700. Ferrite is very soft, measuring only about Bhn 80. 

Of all the metallographic constituents possible in plain 
carbon steel, pearlite is known to possess the best wear char- 
acteristics. A hypothesis is offered as to why this is so. 
First, pearlite is a 2-phase constituent consisting of alter- 
nate hard and soft platelets of these two materials. Any proc- 
ess used to rub, burnish, or polish a pearlitic structure will 
cause a microscopic surface relief pattern to develop such as 
that shown schematically in Fig. 3. When such a material 
is subjected to lubricated wear, the corrugated or washboard 
relief pattern developed at the surface serves to hold asmall 
reservoir of oil in each small trough, thus furnishing a sup- 
ply of lubricant even if the source of lubrication should tem- 
porarily be interrupted. 

Pearlite wears better thanother constituents of low carbon 
steels even under dry conditions. It is suspected that the sur- 
face relief pattern serves to hold an oxidation by-product of 
wear, thus it serves as a lubricant and prevents adhesive wear 
from occurring. Recent tests conducted in our laboratory 
have definitely proved that oxidation products (or by-prod- 
ucts of wear) are in some instances lubricating. Various ma- 
terials which show excellent compatibility with each other 
tested dry tend to gall and scuff one another when tested lub- 
ricated. The only difference has been perhaps the exclusion 
of the formation of an oxide in the lubricated test. 

As mentioned previously, Ferrite (Bhn 80) may be the oth- 
er constituent to exist as a substantial portion of the micro- 
structure of cast iron. It is generally the matrix material 
which fills the interdendritic areas occupied by fine graphite 
flakes of Table 5-B. Ferrite has at least two strikes against 
it as a wear resistant material when it exists in the form of 
free ferrite: 

1. It is soft and cannot resist penetration. 

2. It is a single phase constituent which cannot develop 
a relief contour at the surface. 

Throughout all of the many hundreds of wear tests con- 
ducted, no materials have been found to possess good wear 
characteristics which consist in the solid state of a soft, sin- 
gle phase such as the austenitic stainless steels, ferritic stain- 
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Fe,C PLATEAUS FERRITE 
CEMENTITE TROUGHS 
(HARD) 


(SOFT) 


Fig. 3 — 
Schematic sketch 
of pearlite 
showing surface 
relief pattern 
developed at 
surface 


less steels, ferritic low carbon steels, aluminum, copper, or 
high temperature austenitic type materials (8). 

Consideration ot Graphite and Matrix Together in Cast 
Iron - The graphite of Table 5-A is randomly oriented so 
that no large area is completely devoid of graphite; further- 
more the flake size is on the order of AFS-ASTM Size 4 to 5. 
Graphite flake size is a manifestation of cooling rate; small 
sections, therefore, cool faster than large sections and pos- 
sess a smaller flake size. The Type A graphite flake assoc - 
iated with smaller sections possess good wear properties. How- 
ever, wear tests on pearlitic malleable irons and on gray 
irons of various graphite size show that poor wear character- 
istics are associated with very fine graphite (AFS-ASTM Size 
8 and smaller). This is also shown in engine tests. (See Figs. 
14 and 15). 

The following explanation is offered to account for the 
difference in wear properties of these two types of gray cast 
iron. This theory is then extended to the malleable and duc- 
tile irons. Let us conduct a theoretical wipe test across each 


surface. Starting with Specimen A, a mating surface starts 
at the edge of the sample and moves @ slight distance in. It 


contacts a completely pearlitic matrix and is lubricated 
while it passes over the long overlapping graphite flakes. The 
surface relief pattern of the pearlite holds the contacting sur- 
face on cementite edges and the pearlite troughs collect very 
slight amounts of graphite to further lubricate the mating sur- 
face as it passes. This is effective in preventing adhesive 
wear. Because of the long overlapping graphite flakes, no 
part of the moving surface fails to contact graphite or wipe 
across graphite as it completes its pass across the specimen. 
Also, the distance traversed from one graphite flake to the 
next is uniform and is small. 

If this same wipe test should now be conducted across 
Specimen B, the mating surface first of all contacts a fer- 
ritic matrix, filled with very small graphite flakes. The 
ferrite is single phased; it is soft and the mating surface can 
penetrate. There are no cementite platelets or ferrite troughs 
to hold lubricants. The graphite, furthermore, is extremely 
small and possesses very little lubricating properties. Since 
the large dendritic areas are completely devoid of graphite, 
there are long distances of rubbing contact without lubrica- 
tion and this starts the nucleation of adhesive wear by mi- 
croscopic welding and shearing. Deterioration of this type, 
once initiated, will continue to progress, particularly since 
the remaining structure is the same. 
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The above explanation has been given to account for the 
good and poor wear properties which may exist in gray cast 
iron of the same Modell Factor but of different structure. 


Wear Properties of Pearlitic Malleable and Pearlitic Duc- 


tile Irons - The pearlitic malleable (Table 5-C) and pearl- 
itic ductile (Table 5-F) materials possess a matrix which is 
common to both pearlitic steel (5-I and the AFS-ASTM Type 
A graphite cast iron (5-A). The matrix, as previously de- 
scribed, possesses inherently good properties for wear resis- 
tance. The malleable irons, however, possess less free 
graphite (6. 85 to 7. 32% by vol) than either the gray irons 
or the ductile irons which possess between 8. 55 to 8. 85%. 
The graphite of the malleable irons, as indicated in Table 
5-C, D andE, is derived from a high temperature malle- 
abilizing heat treatment at which time the white iron of the 
ascast structure gives up its carbon to temper carbon nod- 
ules. The constituents which exist in the structure at the 
end of the malleabilizing treatment consist of temper car- 
bon nodules and austenite. A controlled cooling rate after 
malleabilizing converts the austenite to pearlite. There are 
many variables which may effect the graphite nodule size 
and density (nodules per sq mm on a 100X screen), that is, 
cooling rate after casting, prequenching before malleabiliz- 
ing, deoxidation practice of the molten metal, alloys ad- 
ded and others. Tests indicate that the most desirable graph- 
ite density for optimum wear properties lies between 80 to 
110. 

Graphite shape of the malleable irons may be described 
as nodular but not truly spheroidal. The graphite is clump- 
ed together in a ball but at the same time possesses appen- 
dages. These appendages as described by Thum and Ude (9) 
account for the lowermechanical properties of the malleable 
irons as compared to the ductile irons. However, it may be 
seen that this graphite, existing roughly in the shape of a 
ball, leaves less surface area exposed to serve as a lubricant 
than does the gray cast iron. The graphite configuration of 
the malleable irons plus the lesser quantity of free graphite 
than the gray irons leaves less lubricant available to lubri- 
cate amating surface as was described in the theoretical wipe 
test for the gray iron, Table 5-A. 

The controlled graphite density and pearlitic matrix stands 
in favor of the pearlitic malleables wearing well, however, 
because of the difference in graphite configuration, it is 
slightly more prone to adhesive type wear than the gray cast 
irons due to the longer distances existing between areas of 
lubrication. As previously mentioned under discussion of 
wear properties of the gray cast irons, free ferrite is conduc- 
ive to adhesive wear. Both pearlitic malleable and pearl- 
itic ductile irons may be produced with varying amounts of 
free ferrite in the matrix unless the production procedures are 
controlled closely. The wear properties of both the pearl- 
itic malleable and pearlitic ductile irons are much more sub- 
ject to adhesive type wear if these materials possess ferrite 
in the matrix. A little free ferrite closely associated with 
the nodules or spheroids is not generally detrimental. How- 
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ever, ferrite in any percentage above this leads to adhesive 
wear and should be avoided. Also, a burr turned up on the 
pearlitic malleable material is tough and strong and will tend 
to gall or scuff the mating surface unless removed. A simi- 
lar burr on a gray iron piston ring will generally break off in 
a brittle manner and disintegrate into small particles which 
are less damaging to the mating surface. This emphasizes 
the need for preventing nicks or burrs with the malleable ma- 
terials. 

The martensitic matrix of the high hardness malleable 
irons, Table 5-E, is instrumental toward preventing abrasive 
type wear since the matrix material is hard and prevents pen- 
etration and scratching by hard foreign particles. Marten- 
site has, however, a single phase matrix and high hardness 
martensite, if overheated by localized adhesive wear, can 
be subject to microscopic softening which may then induce 
further adhesive wear. The low hardness martensitic malle- 
ables are always chromium plated on wearing surfaces. These 
materials, however, when used under conditions of fair lub- 
rication do well in engine service. 

The Ductile Irons - The discussion regarding graphite shape 
of the malleable irons also applies to the ductile irons. The 
graphite in the ductile irons, however (Table 5-F, G and H) 
exist as almost perfectly shaped spheres and this accounts for 
the mechanical properties being substantially higher than 
the malleables and the gray irons. A sphere possesses the 
least surface area for a given volume of any other geometri- 
cal shape. From the standpoint of wear, this is a disadvant- 
age due to less lubricity for the mating surface. However, 
the quantity of free graphite in ductile irons, which equals 
that of the gray irons, places these two materials on some- 
what equal grounds in wear properties; the gray iron naturally 
holds the advantage in this respect because of its graphite 
flake configuration. 

Specialty Steels - In our discussion thus far we have con- 
sidered only the eutectoid pearlitic steels since this matrix 
material is common to the pearlitic ductile and malleable 
irons and the AFS-ASTM Type A graphite gray cast irons. 
Some of the specialty tool steels possess remarkable hot hard- 
ness properties, the ability to resist softening, even up to a 
red heat, the ability to maintain a cutting edge under these 
conditions and also the ability to resist abrasion. The steels 
of this type possess a high Modell Factor (24.3) due to their 
high hardness (67 RC) and in spite of the high modulus about 
31 x 10° psi. These materials (See Table 5-J) possess ex- 
cess carbide particles which in the annealed state contain 
high proportions ot the alloying elements. These carbide 
particles, often called segregate, are responsible for the wear 
resistance of hardened high speed steel and by dissolving par- 
tially during heat treatment, provide the matrix of the steel 
with the necessary alloy and carbon content for hardenability, 
resistance to tempering, and hot hardness. Materials of this 
type have been shown to possess excellent dry brakeshoe type 
wear properties against themselves, against channel type 
chromium plated surfaces, against flame plated tungsten car - 


PISTON RINGS FOR TRANSPORTATION DIESELS 


bide, chromium carbides and aluminum oxide. Engine tests 
of piston rings made from these materials wearing against 
chromium plated liners show borderline scuff resistance in 
chromium barrels. Grooving of the tool steel rings, however, 
substantially decreases the scuffing tendency. 


Piston Ring Platings, Coatings, and Surface 
Treatments 


The field of platings, coatings, and surface treatments 
is of the utmost importance to the manufacturers of parts 
subjected to wear. A coating may be selected to combat 
any particular type of wear whether abrasive, adhesive, cor- 
tosive, or a combination ot these. Coatings also enable a 
manufacturer of parts subjected to wear to select a base ma- 
terial which satisfies one requirement and a coating mate- 
rial which satisfies the wear requirement. For example, the 
proper selection of a wear resistant coating such as chromium 
plate enables the use of certain high strength materials such 
as martensitic malleable iron as a base material. The malle- 
able iron provides the strength and the chromium provides 
the wear resistance. The base may also be selected to with- 
stand high temperatures; the coating in this instance would 
be selected to perform under high temperature wear. 

Some coatings are applied for break-in purposes. In such 
instances the coating is expected to be of a friable nature, 
and porous to hold a lubricant. Thus, more oil than normal 
may be supplied to surfaces rubbing against one another for 
the first time. 

Coatings for parts subjected to wear, such as piston rings, 
may be divided into two general categories: 

1. Wear resistant coatings. 

2. Break-in type coatings. 

Table 7 shows a listing of coatings, some conventional 
and some new to the piston ring industry. Each of these coat- 
ings have been classified according to composition, maxi- 
mum service temperature F, total wear in milligrams, ma- 
terial compatibility rating, and tested values of coefficient 
of kinetic friction. The test rig used to compile these data 
is shown in Fig. 4. Essentially, the method of testing con- 


Fig. 4 — Wear and friction test apparatus 
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sists of loading the coated side face of a split piston ring a- 
gainst a solid ring of known composition. The solid ring is 
rotated and the frictional drag between mating surfaces is 
measured with a strain gauge linkage. Wear is measured in 
milligrams weight loss of the coated and solid rings, and a 
wear compatibility rating is given to each pair. The rat- 
ings are "Good", "Fair", or "Poor". For a pair to be rated 
"Good", they must possess relatively low wear weight loss 
and must show a smooth glazed surface. A "Fair" rating is 
used if the weight loss is slightly high and/or if the mating 
surfaces show minor adhesive or abrasive wear. A "Poor" 
rating is used if high wear rate is encountered or if excessive 
adhesive or abrasive wear is observed. These ratings are 
based on visual and low power binocular microscopic ex- 
amination. 

Of the coatings listed on Table 7, the hard metal type 
which has found perhaps the most widespread acceptance, is 
electrochemically deposited chromium. Surprisingly, chrom- 
ium plate possesses rather poor wear properties under unlub- 


Table 6 - Arrangement of the Irons and Steels 
in Order of Model 


Factor Bhn 


En x 1076 
Modell 
Photo Factor 
Ref. Bhn 
Material Table5 _Condition En x 10-6 
Alloyed Tool Steel J Hardened 24,3 
Gray Cast Iron 
Type A Graphite A As Cast 18.0 
Gray Cast Iron 
Type D Graphite B As Cast 18.0 
Martensitic Ductile Alloyed & 
Iron (High Hard- Heat 
ness) H Treated ete 
Martensitic Alloyed & 
Malleable Iron Heat 
(High Hardness) E Treated AO 
Pearlitic Heat 
Malleable Iron Cc Treated 15.0 
Martensitic Alloyed & 
Ductile Iron Heat 
(Medium Hardness) G Treated 12.4 
Pearlitic Ductile Heat 
Iron FE Treated EO 
Martensitic Alloyed & 
Malleable Heat 
(Medium Hardness) D Treated 10.5 
Pearlitic Steel I Unalloyed 
Pearlitic 
Structure 8.0 
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Table 7 - Coatings of Different Types 


Classified According to Maximum Operating Temperatures, Dry Wear (mg. weight loss), 
Wear Compatibility and Coefficient of Friction 


Total Wear (Mg.) Material Compatability Coefficient of Kinetic 
No Lubrication No Lubrication Friction - No Lubrication 
Max. Gray Gray z Gray Gray Gray Gray 
Service Cast Cast Cast Cast Cast Cast 


Temp. F Iron Iron Chro- Tool Iron Iron Chro- Tool Iron Iron Chro- Tool 
Oxidizing (Bhn (Bhn mium Steel (Bhn (Bhn mium Steel (Bhn (Bhn mium Steel 
Coating Composition Atmosphere 201) 432) Plate A _ 201) 482) Plate A _ 201) 482) Plate A 
Dense Electro- 
Chromium lytic Chro- 


Plate mium 700 78 79 = 11 Fair Fair - Good 0,42 0.42 - 0.30 
Sprayed Molybdenum + 
Molyb- Carbon + 
denum Oxygen 700 CeO OMS OTT 386 Good Good Fair Good 0.55 0.63 0.45 0.52 
Vanderloy H Iron Electro- 
plate 700 84 86 74 30 Fair Good Good Good 0.40 0.47 0.58 0.47 
Linde LC- 85 CrgCo + 15% 
1A (Cr-C) Ni-Cr 1300 48 54. =O 36 Good Fair =) Good? 0 jou Ono 0.39 
Linde LW-1 Tungsten Car- 
(WC) bide + 6-8% 
Cobalt 1000 83 44 - 3 Good Good - Good 0.44 0.36 - 0.33 
Linde LW-5 25 WC +7 Ni 
(WC) + 68 W-Cr 
Carbides 1200 oy toll - 12 Good Good - Good 0.76 0.64 - 0.67 
Plasma WC Tungsten Car- 
+ 12 Co bide + 12% Co 1000 A Be 7 Good Good - Good 0.42 0.33 - 0.34 
Linde LA-2 Aluminum 
(Alp O32) Oxide >1300 60 270 - 7 Good Good - Good 0.47 0.60 - 0.51 
Tungstide Tungsten + Moly 
No, 301 Disulphide + 
Silicone 600 120° 257 42 81 Good Good Good Good 0.09 0.08 = 0.08 
Molycote Moly Disulphide + 
X106M Resin + Tuluol 600 5 4 7 5 Good Good Good Good 0.12 0.14 0.15 0.13 
Tin Plate Tin Electroplate 600 = id - 33 Poor Fair Seer ain “ * = y 
Steam Steam Oxidation 
Treated Fe304 
Cast Iron Coating 800 715 is 190 180 Fair Fair Poor Poor 0.56 0.54 0.57 0.35 
Parco Iron Phosphide 
Lubrite Coating Formed 


In a Manganese 
Iron Phosphate 
Solution 600 24° 7.8 30 34,8 Good Good Good Good 0.26 0.20 0.31 0.27 


*Catastrophic Wear, No data obtained 
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ticated bench test conditions. However, under lubricated Chromium plated rings for top grooves are often plated 
conditions, it does exceptionally well and has been used as with porous chromium. As this term implies, the outermost 
a wear resistant coating for top rings in many heavy duty surface of the chromium plated ring possesses a porosity that 


engines. extends about 0.001 in. deep (see Fig. 5). The porous struc - 
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ture is soft and friable compared to the base chromium which 
possess a hardness of about 1050 Knoop. The outer porous 
chromium absorbs and holds oil, is of a friable consistency, 
and aids in engine break-in. Chromium plated rings are used 


in steel or cast iron cylinder bores, never in chromium plated 
cylinders. 


Electrochemically plated hard chromium possesses an as 
plated hardness of about Knoop 950 to 1100 (Bhn 850-950). 
The extreme hardness greatly resists penetration andscratch- 
ing; and this, combined with its low elastic modulus of a- 
bout 15 x 10® psi, yields a Modell Factor of about 63. 0. E- 
lectrochemically plated chromium also possesses a unique 
combination of high hardness, thus abrasion resistance, and 
corrosion resistance (10) to the sulphur type acids formed 
from the combustion of diesel fuels (especially the bunker 
type diesel fuels). For these reasons, chromium plate of the 
channel or pin point porosity types are being used for diesel 
cylinder barrels in some engines. 

Hard chromium plate, when subjected to heat, will soft- 
en. From the as plated hardness of about Knoop 950 or high- 
er, the hardness may be lowered to Knoop 550 by heating 
to 1220 F (Fig. 6 shows the temperature versus hardness plot 
for porous chromium plate). It is because of this softening 
tendency of chromium due to heat and the scuffing which 
accompanies it that we are seeking a ring coating with bet- 
ter high temperature characteristics. 

Sprayed Molybdenum Coatings - Sprayed Molybdenum 
type coatings have had reported success against channel type 
chromium plated cylinder barrels. At the present state of 
development, however, this type of coating possesses poor 
adhesion to the base material and thus has doubtful promise 
as a piston ring wear resistant coating. Because its hardness 
is lower than chromium plate, it is doubtful that this ma- 
terial will wear as well under abrasive conditions. 

Carbide and Oxide Coatings - Coatings of the metallic 
oxides and metallic carbides hold promise for piston rings 


Bakelite Mount 


Depth of Porosity 


Thickness 


_ Bond of Plate 
to Gast Iron 


500 X — Cast Iron. 


Cross Section of Plated Piston Rina 


Fig. 5 — Porous chromium plate on OD surface of piston ring 
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Fig.6 — Effect of temperature on knoop hardness of electro- 
chemically plated chromium 


for high speed heavy duty engines. This is particularly true 
for OD coatings applied to top rings. Combustion temper- 
atures in diesel engines exceed 3000 F, Measured and docu- 
mented temperatures on the OD wearing surfaces of some 
top rings are on the order of 1000 to 1200 F and possibly high- 
er under border line scuffing conditions. The metallic ox- 
ides and carbides possess metallurgical stability in these 
temperature ranges, they will retain their hardness which 
varies between VPH 1000 to 1450. Oberle's Modell Factor 
show Alundum (A120) to possess one of the highest values 
at 143. In addition, as a general rule, these oxides andcar- 
bides possess good dry wear properties against mating surfaces 
of hardened tool steel and medium and high hardness cast 
irons. This indicates that these materials resist welding, or 
if welding does occur, it is of a covalent bond and is of a 
friable nature (11 & 12). Since these materials are com- 
patible under dry conditions with materials commonly used 
for diesel engine cylinder liners, they will live and do a good 
job when applied to the OD wearing ‘surface of top compres- 
sion rings in high BMEP engines. 

The carbide and oxide type coatings may be applied by 
several different methods. Some of these methods produce 
coatings of exceptionally good adherence to the base metal, 
but some do not. Also coatings of this type whichhave high 
porosity show poorly under abrasive wear as compared to the 
coatings of higher density. 

Solid Lubricant Type Coatings - Practically all of the 
solid lubricant type coatings are formulations containing mo- 
lybdenum disulphide as the primary constituent. Various 
liquid carriers are used which also serve as the bonding agent 
after the coatings have dried. Some of the higher tempera- 
ture coatings of this type possess metallic additions such as 
tungsten. These additions plus a high temperature binder 
enable them to be used at high temperatures. Our tests show 
that molybdenum disulphide converts to a tri-oxide at tem- 
peratures on the order of 1000 F. The trioxide is very ab- 
rasive and this naturally produces catastrophic wear. As a 
general rule, the molybdenum disulphide formulations are 
applied over a chemically etched base, particularly the Par- 
co Lubrite treatment for cast iron and steel. 

These solid lubricant coatings, for the most part, are 
classified as break-in type. They are used for the purpose 
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Fig. 7 — Parco Lubrite: Cross section thru treated surface showing iron phosphide coating at 500 X. Coating thick- 
ness ranges from 0.00015 to 0.00035 in. 
5 BD 

Fig. 8 — Steam treated at 1100 F for 1 hr: Coating thickness approximately 0.00035. 500 X. Note two different 

colored layers . 
of establishing compatible wearing surfaces. However, they AE Les Le pina zi} = en aT 
cannot be expected to be permanent and for this reason the ; leat i es Le Tete | 
base metal must possess good wear properties after the break- lula ie me eae 
; week, ‘ : 5 a es Os ped 
in coating is gone. As shown in Table 7, these coatings pos- 4 
sess low coefficients of friction, and they are successfully | | | SAVE: mA | 1 
applied and used for certain piston ring applications for die- ail 


sel engines. 

Soft Metal Coatings - The soft metal coatings in general 
find a rather limited usage for piston rings. Soft metals such 
as tin plate are applied to piston rings for break-in and cor- 
rosion resistance. The soft metal allows the ring to adjust 
quickly to the mating surface, thereby lowering the unit 


bearing load, 
Coatings formed by Chemical Alteration of Base Metal- 


COEFFICIENT OF FRICTION 


Two methods presently being used for making break-in type 
coatings by chemical conversion of the base metal consist 
of (1) Steam treatment, which creates an iron oxide coating 
(Fe304) and (2) Immersion of ferrous parts in a manganese- 
iron- phosphate solution which forms a black iron phosphide 
type coating known as Parco Lubrite. 


fe 


| am | 
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Both of these coatings are very thin, varying in thickness 
: . Veit 
between 0.0001 to 0.001 in. as desired. < °f 1618) 10 2 4 emyamzomrz me 4a omzaso 


FA 


‘ ‘ , sic , TIME (MIN.) 
Fig. 7 shows a polished section of ductile iron with a Par- Fig. 9:25 Kinetic (coefficient of freaie ana 
: pend ; .9— riction versus speed and pres- 

co Lubrite coating varying in thickness between 0.00015 to sure for oil absorbed parco lubrite treated irons and steam 
0.00035. Fig. 8 shows a ductile iron base material steam treated irons 
treated at 1100 F for 1 hr. This coating has a thickness of 
approximately 0.00036 in. 

Fig. 9 shows friction versus speed and pressures for the materials. 
Parco Lubrite treated irons, and the steam treated irons. Both The specimens, 3 in. dia rings, treated by the various 


coating types have been applied to several different base methods to produce the coatings, were soaked in spindle oil 
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5 minutes and then wiped with an absorbent towel toremove 
all but a slight film of oil. The rings were then assembled 
in the test rig (Fig. 4) with one flat surface bearing against 
a cast iron mating surface. Unit loading between the con- 
tracting surfaces and speeds were increased as coefficient of 
friction was measured. This procedure was continued until 
the friction became excessive and/or erratic. 

It is interesting to note that the highest speeds and pres- 
sures available on this test rig were insufficient to break down 
the Parco Lubrite coating, The steam treated samples, how- 
ever, show increasing values of friction at much lower speeds 
and pressures. 


Filled Groove Rings 


Another means for reducing the scuff sensitivity of rings 
which have had considerable usage in certain engines is fill- 
ed groove ring. Usually a material of good adhesive char- 
acteristics is mixed with a filler such as iron oxide or finely 
dispersed metallic or graphite particles and the resulting 
mixture thermo-set in multiple grooves on the OD surface 
of a piston ring. The filled structure is usually of a porous 
nature as shown in Fig. 10 and furnishes an absorptive med- 
ium for oil. The filled grooves also function to reduce the 
wiped axial bearing length, and carry a share of the bear- 
ing load. 

Solid metals such as phosphorous bronze are also used to 
fill grooves on the OD of piston rings. The function of this 
type filling is to supply a bi-metallic bearing action with 
the mating surface; this results in wear reduction. (13) 


Laboratory Engine Tests 


Since the middle ot 1958 a basic compatibility and ac- 
celerated wear test program has been conducted on a Cater- 
pillar D318 6-cyl 4-1/2 in. bore, naturally aspirated diesel 
engine. The technique of accelerated wear was established 
by Caterpillar Tractor Co. (14). In particular, it consists 
of injecting two lots of 88 gr of No, 1 AC fine dust into the 
intake lines of the engine during 96 hr of operation at 1400 
rpm and zero load. The 96 hr are broken into two 48-hr 
runs, The 88 gr are injected nearly uniformly during each 
48 hr. Before each acceleration test there is an 8 hr com- 
patibility test at full engine load, 96 hp, 80 BMEP at 1800 
rpm. Figs. 11 and 12 show the dust feeder and part of the 
engine; Fig. 13 shows measurement of liners. 

The program has been oriented towards establishing the 
basic abrasive wear relationships of the piston ring materials 
on iron and chrome plated cylinders, and investigation of 
promising ring materials for the future. The most pertinent 
results, which will be reported in this paper, are on top ring, 
liner, and ring side wear. Information is also gathered on 
the second, third, and oil rings but these have been of only 


Fig. 11 — Dust feeder attached to diesel engine 


secondary importance, 

It should be pointed out that this test is very specific. It 
includes testing abrasive resistance of the parts at moderate 
temperature and pressures. The results will not necessarily 
be pertinent for clean engines at higher temperatures and 
pressures but the results, doubtless, are indicative of the 
general wear relationships of engine materials and are sup- 
ported by field experience and other laboratory data. 

The test results fall into several logical categories: 
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Fig. 12 — Detail of dust. feeder mechanism 


Fig. 13 — Measurement of cylinder liners with dial bore gauge 


. Iron rings in iron cylinder limers. 
. Iron rings in channel chromium plated cylinders. 
Dense chromium plated rings in iron cylinders. 
. Experimental rings in iron cylinders. 
. Experimental rings in chromium cylinders, 

Fig. 14 and 15 present individual ring and cylinder re- 
sults, which are discussed in detail below. 

Iron Rings in Iron Liners - Fig. 14a presents tests of vari- 
ous types of iron top compression rings in iron liners. The 
average end clearance change in 48 hr for the cases shown 


op WN FE 


is 0.097 in. No attempt is made at this moment to distin- 
guish between the various types of irons in view of the fact 
that there are insufficient tests forsome of the irons to make 
a valid comparison. However, there are sufficient tests on 
the irons as a whole to determine an average end clearance 
value. Fig. 15a shows the cylinder liner wear for iron rings 
in iron liners to be 0.0045 in. in 48 hr as measured at the 
maximum wear point 31/32 in. below the top of the liner. 
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Fig. 14— End clearance change accelerated wear tests D318 
6-cyl diesel caterpillar engine 


As in Fig. 14a no attempt is made to distinguish between the 
wear of the various types of irons due to insufficient data of 
any one type. 

Iron Rings in Channel Chromium Plated Liners - Fig. 14b 
shows the end clearance changes for various iron top com- 
pression rings in channel chromium plated liners. The ave- 
tage end clearance change for this group is 0.048 in. in 48 
hr. This is 1/2 the end clearance change for these types of 
rings in iron liners, 0.097 in. Fig. 15b shows the channel 
chromium liner wear for iron rings to be 0.0015 in. in 48 hr. 
This liner wear is approximately 1/3 the iron liner wear for 
the same type rings, 0, 9045 in. 

Chromium Plated Rings in Iron Liners - Since chromium 
plating is usually used as a facing material for top compres- 
sion rings, much data have been collected on varying the 
base material of chromium rings in regard to its effect on 
face wear, if any, and its effect on side wear. It is also of 
interest to compare the ring and cylinder wear for chromium 
plated rings in iron liners with iron rings in chromium liners. 

Fig. 14c indicates the end clearance change for chrom- 
ium plated iron rings in iron liners to be 0. 011 in. in 48 hr. 
It may be compared to the 0.048 in, end clearance change 
for iron rings in chromium liners and 0.097 in. end clear- 
ance change for iron rings in iron liners. Fig. 15c indicates 
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Fig. 15 — Cylinder liner wear accelerated wear tests D318 6-cyl 
diesel caterpillar engine 


the cylinder liner wear in 48 hr for chromium plated iron 
rings in iron liners to be 0.0012 in. diametral wear in 48 hr. 
It is somewhat less than the wear of iron rings in chromium 
liners, 0.0015 in. in 48 hr and is approximately 1/4 the wear 
of iron rings in iron liners, 0.0045 in. in 48 hr. 

Since the chromium plated iron rings in iron liners are at 
present the industry accepted standard for small bore diesel 
engines, the 0.011 in. end clearance change and 0.0012 in. 
liner wear must be equalled or bettered for a ring-liner com- 
bination to be attractive. 

There are insufficient data to differentiate as to side wear 
occurring under the test conditions among those materials 
applied as the base for chromium plated rings. 

Experimental Rings in Iron Liners - Fig. 14d indicates the 
small amount of ring wear that occurs with flame plated 
tungsten carbide, chromium carbide, aluminum oxide rings 
and a special stainless steel. The end clearance change for 
the LW1 and LW5 tungsten carbide plated rings is 0.0005 in. 
in 48 hr. This is approximately 1/20 of the chromium plat- 
ed iron rings in iron liners, 0.011 in. in 48 hr; about1/100 
of the iron rings in chrome liners, 0.048 in. in 48 hr; and 
1/200 of the iron rings in iron liners, 0.097 in. in 48 hr. 

Fig. 15d indicates the liner wear for this group. The 
value of the liner wear for the tungsten carbide plated rings 
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in iron liners is 0.0017 in. in 48 hr. This is approximately 
50% greater than the chromium plated iron rings in iron lin- 
ers, 0.0012 in. in 48 hr and is very slightly greater than 
iron rings in chromium liners, 0.0015 in. in 48 hr. However, 
this is very much lower than iron rings in iron liners, 0.0045 
in. in 48 hr. It should be pointed out that these LW1, LW5 
tungsten carbide flame plated rings are being surveyed for 
future use for elevated temperature conditions and additional 
tests in high output engines under typical operating condi- 
tions are being conducted. 

Fig. 14d also shows a special stainless steel tested in iron 
liners with a resultant end clearance change of 0.011 in. in 
48 hr. Fig. 15d indicates this special stainless steel prod- 
uces an iron liner wear of 0.0025 in. in 48 hr, approximate- 
ly double that of the chromium plated iron rings in iron lin- 
ers, 0.0022 in. Inasmuch as the intended application of 
this material is in chromium liners, its performance in iron 
liners is of secondary importance. 

Experimental Rings in Channel Chromium Plated Liners - 
Fig. 14e shows the end clearance changes that occur with 
experimental rings in channel chrome plated liners. As can 
be noted, extremely low wears occur with a Tool Steel A 
in the channel chromium liners. These end clearance 
changes are 0.003 and 0.005 in. in 48 hr for the solid and 
the grooved face designs, respectively. The corresponding 
chromium liner wears shown in Fig. 15e are 0.0033 in. and 
0.0021 in. in 48 hr, respectively, and these are consider - 
ably higher than the 0.0015 in. in 48 hr of the irons in 
chromium liners. 


Fig. 14e indicates that the special stainless steel previous- 
ly mentioned has an end clearance.change of 0.010 in. in 
48 hr. This is considerably less than the end clearance 
change of the iron rings in chromium liners, 0.048 in. in 48 
hr. Fig. 15e indicates that this special stainless steel has a 
chromium liner wear of 0.0009 in. in 48 hr, which issome- 
what below the 0.0015 in. of the iron rings in chromium lin- 
ers. Thus, this special stainless steel is attractive on both 
ring and liner wear and, in addition, it is reasonably wear 
resistant when used in iron liners, Figs. 14d andi1éd. Un- 
fortunately, this material has borderline scuff resistance, and 
must be altered to be attractive. 

Fig. 14e shows the end clearance changes of Tool SteelB 
to be 0.021 in. in 48 hr. This is approximately half of the 
end clearance change of the irons in the chromium liners, 
0.048 in. in 48 hr. Fig. 15e indicates Tool Steel B to pro- 
duce a chromium liner wear of 0.0014 in. in 48 hr. This 
is about the same as the chromium liner wear of 0.0015 in. 
in 48 hr for the iron rings in chromium liners. 

Fig. 14e indicates that various nitrided steels have anend 
clearance change of 0.038 in. in 48 hr, which is somewhat 
less than the 0.048 in. in 48 hr of the iron rings in the chro- 
mium liners. Fig. 15e indicates these nitrided rings pro- 
duced a chromium liner wear of 0.0010 in. in 48 hr and this 
is approximately 2/3 of the chromium liner wear for iron 
rings, 0.0015 in. in 48 hr. Thus, the nitrided rings have 
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Table 8 - Summary of Top Ring and Liner Wear 


D318 Caterpillar Diesel Engine 
Dust Injection Tests 
Wear in 48 Hr 
Groove Liner at 
Width 31/32 in, 
Iron Rings in Iron 


Liners 0.097 0.0019 0.0013 0.0045 
Iron Rings in 
Chrome Liners 9.048 0.0006 0.0009 0.0015 
Cr Pltd. Ir. Regs. 
in Iron Liners 0.011 0.0012 0.0010 0.0012 


LW1, LWd Plated 

Irons in Iron Liners 0.0005 0.0017 0.0013 0.0017 
LA2 Plated Irons in 

Iron Liners 0.0020 0.0053 0.0030 0.0031 
Plasma WC Plated 

Trons in Iron Liners 0.0022 0.0028 0.0012 0.0033 
LC1A Plated Irons 


in Iron Liners 0.0025 0.0025 0.0019 0.0022 
Special S.S. in 

Iron Liners 0.011 0.0002 0.0005 0.0025* 
Special S.S. in 

Chrome Liners 0.010 0.0002 0.0008 0.000% 
Tool Steel A in 

Chrome Liners 0.003 0.0000 0.0006 0.0033 


Grooved Face T.S. A. 
in Chrome Liners 0.005 0.0001 0.0008 0.0021 
Steel B in 


Chrome Liners 0.021 0.0005 0.0011 0.0014 
Tool Steel C in 

Chrome Liners 0.030 0.0016 0.0010 0.0011 
Nitrided Steel in 

Chrome Liners 0.0388 0.0003 0.0004 0.0010 
Nitrided Iron in 

Chrome Liners 0.055 0.0002 0.0004 0.0019 


*Slightly incompatible. 


some attraction on both ring and liner wear. 

Ring Side Wear - Table 8 gives figures on ring side wear 
for the various groups of top compression rings. There are 
enough data to indicate that the ring side wear of the iron 
rings is heavier in iron liners, 0,0019 in. in 48 hr, than in 
chromium liners, 0.0006 in. in 48 hr. The ring side wear 
of chromium plated iron rings in iron liners,.0.0012 in. in 
48 hr, falls between the two. However, the data are too 
few and too scattered for each type of iron in these various 
groups to indicate the preference of the individual irons on 
side wear. The variation in side wear is doubtless consider- 
ably influenced by the amount of random rotary motion of 
the rings in the grooves. This motion is known to vary over 
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Table’ 9 - Wear of Ring and Cylinder Liners with . 
all Cylinders on same Setup, over 96 hr 
Abrasive Wear Period 


Cylinder No, ui a 8 4 ) 6 
96 hr topring wear- 98% 93 89 115 107 98 
% of Avg. 

96 hr liner wear - 83 94°°"73-—-118~ "114-118 
% of Avg. 


Combined Avg. 


Ring & Liner 90 O24 BA ESATO <r B08 


quite a wide range due to small variations in the geometry 
of the motion of the piston in the cylinder. 

From 30 observations of the iron rings on side wear, the 
side wear in the second 48 hr was shown to be at least 50% 
greater than the side wear in the first 48 hr. 

Certain of the experimental rings used with chromium lin- 
ers had very low side wear, in particular, the Tool Steel A 
where there was nearly zero side wear during either 48 hr 
period. The special stainless steel and the nitrided steel 
were also low on this point, 0.0002 in. in 48 hr and 0.0003 
in. in 48 hr, respectively. 

Single Cylinder Versus Multi-Cylinder Testing - When 
the testing program was formulated we intended to study 
only very black and white situations; situations where the 
wear would be reduced by a factor of at least two or three. 
For such condition it was thought that a single cylinder would 
suffice for a "yes" or "no" answer. For gray situations, it 
was realized—as advocated by experienced engine builders— 
more testing than this would be necessary. Many experienc- 
ed testers have nearly zero confidence in single cylinder 
tests. We have frequently found the single cylinder test use- 
ful but as frequently found it insufficient. Many of our ans- 
wers have been black or white for one part and gray on an- 
other. These latter require many more than a single test. 
Our practice seems to be evolving toward at least six tests 
for setups of real interest, one in each cylinder, splitamong 
at least three test periods, It will be sometime before many 
of the setups mentioned are so tested. 

In regard to the relation of wear between the first and 
second 48 hr run, the second period shows, in general, about 
80% of the wear of the first period. For 30 observations, the 
second period ring wear was 90% of the first period ring wear 
and the second period liner wear was 75% of the first period 
liner wear. 

We have found that there are variations in wear among 
the cylinders. During one test (8/14/58) of the engine with 
all cylinders on the same setup, the wear of the ring and 
cylinder liners varied as shown in Table 9 over the full 96 
hour abrasive wear period. The Table shows cylinder 4 to 


PISTON RINGS FOR TRANSPORTATION DIESELS 


be highest on wear, cylinder 3 lowest, cylinders 1 and 2 
somewhat low and cylinders 5 and 6 somewhat high. We 
have not repeated this test to know how it duplicates results. 
However, during the past 2 years, cylinder 4 has frequently 
shown high ring and liner wear in comparison to other cyl- 
inders and frequently, but not quite as often, cylinder 3has 
shown low wear in comparison to other cylinders. We sus- 
pect the general trend of the above figures still holds and 
thus we want to have each material, unless obviously unsat- 
isfactory, tested on each cylinder. 


Modern Diesel Engine Ring Arrangements 


It is of interest to describe the piston rings and their ar- 
rangement in typical transportation diesels today. Figs. 16- 
27 serve this purpose. The engines have been selected to 
cover the general field of transportation diesels including 
trucks, buses, tractors, locomotives, tugs, and towboats. 
These engines are recently developed high BMEP machines. 

Piston rings of several manufacturers are used. Many pis- 
ton rings are made of proprietary materials developed by the 
manufacturer. Therefore, those not produced by Koppers 
will be identified by general metallurgical description. 

At first glance, there is ttemendous variety in the setups. 
It is not possible to select a single ring arrangement that is 
typical of either 2-cycle or 4-cycle engines. Behind each 
feature of each ring (including many characteristics not men- 
tioned here) there is a reason. The reasons are many — ex- 
perience developed on previous engines; solutions of prob- 
lems at the prototype stage; correction of field problems. 
This paper will first establish those generalties which persist 
for modern high output diesel engines, and then present the 
most pertinent features of each setup. 

Top Compression Rings - The most critical piston ring in 
any diesel engine is the top compression ring. It is subject- 
ed to the heaviest thermal, gas, and mechanical loads. It 
is subject to the most severe shock, the heaviest abrasive 
wear, the least lubrication, and suffers the greatest deterio- 
ration in service, both inherently and in its environment 
(greatest groove and cylinder wear). 

The following generalities apply to top compression rings: 

1. They are made of materials which have mechanical 
properties superior to ordinary gray iron. Superior strength, 
thermal fatigue, and impact resistance are required. 

2. Face bearing is improved with respect to abrasion, cor- 
rosion, and/or scuffing. 

3. A material of higher hardness than gray iron is used. 
This varies from low alloy martensitic iron Bhn 260 to dense 
chromium plate Knoop 1000. 

4. The axial bearing width is kept narrow to maintain 
scuff resistance. This is established through narrow rings or 
face interruptions such as threading or grooving. 

5. Top edge bearing is prevented due to adverse effects 
on oil control and scuffing. This is usually accomplished by 
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selection of ring section. Various design technique are used 
such as taper facing, grooving of the back upper corner caus- 
ing dishing, or tilting the top groove upward. 

Intermediate Compression Rings - The intermediate com- 
pression rings fall into general categories depending upon 
whether the engines is 2- or 4-cycle. Introduction of in- 
take and/or exhaust ports to the cylinder liner gives the pis- 
ton and rings a valving action as well as a sealing action. 
Passage of rings over the ports in a 2-cycle engine, which 
necessarily means that segments of the ring are unsupported 
for a portion of each stroke, makes ring function more se- 
vere. In 2-cycle engines it is usually an advantageto make 
the second ring, and often all compression rings, similar to 
the top ring. In all cases, wear, scuff and breakage resis- 
tance are of prime concern. 

The 4-cycle intermediate ring requirements are not as 
severe. While their function is primarily gas sealing, inhigh 
speed engines their effect on oil control is widely recogniz- 
ed. Bottom edge bearing is usually created, either by taper- 
ing or twisting. There is a trend to high strength materials 
in intermediate rings for 4-cycle engines as turbocharging 
produces increasingly higher BMEP. 

Oil Control Rings - All engines except one of those shown 
have at least one ventilated oil control ring of the type with 
two scraping edges. They are all higher in unit pressure than 
is feasible with gray cast iron. High unit pressure is usually 
accomplished by application of abutment expanders;crimp- 
ed expanders are no longer used in modern engines. Several 
engines create high unit pressure by utilization of a dense, 
high modulus material and narrow scraping faces. 

General Ring Arrangements - In’4-cycle engine design 
through recent years, there has been a tendency to shorten 
pistons, decreasing the number and width of rings. The ad- 
vantages of this are obvious: a more compact engine, lower 
friction, lower reciprocating mass, and the resulting lower 
bearing loads. However, the trend towards large bore and 
short stroke coupled with high BMEP results in increased pis- 
ton thrust loads. Piston shape and fit as related to unit bear- 
ing load and rocking have become much more critical, es- 
pecially with customer's desire to decrease lubricating oil 
consumption. These trends have kept engine, ring, and pis- 
ton designers busy the last few years. It does appear feasi- 
ble to design engines of this category with three compression 
rings and one oil control ring. However, for extremely high 
BMEP a fourth compression ring may be required. 

Two-cycle engines appear to have reversed a trend to- 
wards three compression rings and usually utilize four. With 
increased charging and exhaust pressures, the upper oil ring 
has become primarily a gas sealing ring, with primary oil 
control exercised by the lower oil control rings. Piston length 
in 2-cycle engines continues to be dominated by the valving 
requirements of the piston and the necessity of preventing 
the upper oil ring from passing over the ports. 


Discussion of Individual Ring Arrangements - Ring ar- 


rangements are listed in order by bore size. They do not 
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414x.089 CHROME “4 TAPERED GROOVED 
FACE COMPRESSION RING 
STEEL SA E 9254 


4yxle CHROME GROOVED FACE 
COMPRESSION RING 
STEEL SAE 1095 


4\4x%%6 CONFORMABLE BEVELED AND 
GROOVED OILRING =, 


GREY CAST IRON 


ay, CONFORMABLE DUAL OIL RING 


GREY CAST IRON 


Fig. 16 — Supercharged 2-cycle diesel 


4%x', THREADED CHROME I° TAPERED 

GROOVED BACK 15° KEYSTONE 
COMPRESSION RING 

MALLEABLE TYPE CAST IRON 


2 1° TAPERED GROOVED BACK 
COMPRESSION RING 
GREY CAST IRON 


% 3 
46 


41x46 CHROME MULT!- PIECE STEEL 


CONFORMABLE OIL RING 


NOTE: TURBOCHARGED ENGINES USE 


THE RING SHOWN IN THE TOP 
GROOVE IN INTERMEDIATE 
COMPRESSION RING GROOVES 
AND A SIMILAR RING WITHOUT 
TAPER IN TOP GROOVE 


Fig. 17 — Naturally aspirated and turbocharged 4-cycle diesel 


represent the complete range in transportation diesels, but 
are as Wide a coverage as is feasible to present in a techni- 
cal paper. 

Fig. 16 represents a most interesting 2-cycle ring arrange- 
ment. This engine is produced both with and without the 
very narrow top ring, depending upon the service require- 
ments of the engine installation. The steel base material 
has been selected for its strength, and fatigue resistance. The 
upper oil ring groove utilizes a combination oil control and 
sealing ring. Note the absence of drilling behind the ring. 
This is for the purpose of preventing airbox pressure leakage 
to the crankcase. The lower oil ring consists of two inde- 
pendent cast iron ventilated scraping elements loaded by an 
abutment expander. 

The arrangement shown in Fig. 17 is unique in the appli- 
cation of a skirt oil ring, which removes a major portion of 
the oil from the cylinder wall. The top compression ring 
applies a combination of six features, as indicated in the 
figure, to establish the desired performance characteristics. 
Other than the keystone shape, all other characteristics have 
been previously discussed. This keystone shape is applied 
to ring and groove to prevent sticking under adverse deposits. 


GP HYDE} et rales 


5% CHROME GROOVED FACE 
K-SPUN, PEARLITIC MALLEABLE IRON 


53x ‘gy FILLED GROOVE 


HEAT TREATED ALLOYED GREY IRON 


533x%6 DUAL OIL RING 


K-14, HEAT TREATED ALLOYED GREY IRON 


54_%%_  GROOVED OILCUTTER 
KI4, HEAT TREATED ALLOYED GREY IRON 


Fig. 18 — Turbocharged 4-cycle diesel 


5x4. CHROME 20° KEYSTONE 


2°83 
COMPRESSION RING 
K-16, PEARLITIC DUCTILE IRON 


55x44 GROOVED BACK 20° KEYSTONE 
COMPRESSION RING 
K-28, HIGH HARDNESS MARTENSITIC 
DUCTILE IRON 


5'px7%6 GROOVED OILCUTTER 


K 28,HIGH HARDNESS MARTENSITIC 
DUCTILE IRON 


NOTE: TURBOCHARGED ENGINE HAS 3 
INTERMEDIATE RINGS AND CHROME 
COMFORMABLE OIL RING 


Fig. 19 — Naturally aspirated and turbocharged 4-cycle diesel 


Fig. 18 indicates an arrangement related to the type of 
service for which the engine is designed — high output ma- 
rine application. The compression ring arrangement indi- 
cates the ultimate in scuff resistance, and the oil control is 
established by a multiple of unplated self-energized rings. 
The upper oil ring is composed of two 5/32 in. wide identi- 
cal elements in a single groove. 

Fig. 19 presents an arrangement for a high performance 
truck engine. All compression rings are high strength duc- 
tile keystone rings to insure against breakage. The ductile 
iron in the intermediate rings is hardened for scuff and wear 
resistance. The engine is built, depending upon the model, 
with a chromium plated ventilated oil ring with an abutment 
expander or a hardened ductile iron ventilated high unit pres- 
sure directional oil ring. 

In Fig. 20 the ring arrangement for the only air cooled 
diesel military engine manufactured in this country is pre- 
sented. All rings are chromium plated to control wear, since 
this service is extremely dusty. The use of a steel cylinder 
with a bonded aluminum muff results in limited scuff resis- 
tance; therefore, thread face compression rings arerequired. 

The engine arrangement illustrated in Fig. 21 is used 
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54x THREADED CHROME GROOVED BACK 
I5° KEYSTONE COMPRESSION RING 
F-88, MARTENSITIC MALLEABLE IRON 


5°%4x 739 THREADED CHROME |° TAPERED 
COMPRESSION RING 
K-l4, HEAT TREATED ALLOYED GREY IRON 


5°%4x%— CONFORMABLE CHROME WIDE 
CHANNEL OIL RING 
K-I4, HEAT TREATED ALLOYED GREY IRON 


Fig. 20 — Turbocharged 4-cycle diesel 


sae nee 6!4x¥e CHROME COMPRESSION RING 


SG K-SPUN, PEARLITIC MALLEABLE IRON 
Ss 


64x49 2° TAPERED COMPRESSION RING 
K-14, HEAT TREATED ALLOYED GREY IRON 


3 6'4x'4 CONFORMABLE CHROME WIDE 
CHANNEL OIL RING 
K-I4, HEAT TREATED ALLOYED GREY IRON 


Fig. 21 — Turbocharged 4-cycle diesel 


largely in earthmoving equipment. The ring designs recog - 
nize the dusty operating conditions; the top compression ring 
has 0.010-0,012 in. chrome plate, and the conformable oil 
ring is also chrome plated. A cast iron insert is applied to 
the top ring groove to minimize wear. 

Fig. 22 indicates the rings for a 2-cycle opposed piston 
engine used primarily in railroad and large marine service. 
In some cases this engine is built with chromium plated cyl- 
inders, and all compression rings are of the filled groove 
type. With cast iron cylinders the threaded chromium top 
ring is furnished. A special 2-piece sealing ring is used in 
the upper oil ring groove. This seals airbox pressure from 
the crankcase and also serves as the upper oil control ring. 
A single scraper oil ring is used in this engine to establish 
the optimum oil control for cylinder lubrication purposes. 

Fig. 23 indicates the ring arrangement for the turbocharg - 
ed version of a widely used railroad engine. A threaded 
chromium ring is used in each of the top three compression 
ring grooves; a tapered filled ring in the fourth groove as- 
sists in maintaining good oil control. A non-ventilated dou- 
ble scraper ring with bleed slots in the lower scraper is used 
in the upper oil ring groove, which is not ventilated. A 
double scraper non-directional ventilated conformable oil 
ring: is used in the bottom groove. 
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The engine illustrated in Fig, 24 is used for heavy marine 
service. All compression rings are of filled groove type. The 
upper oil ring is both spring loaded and sealed joint for the 
purposes described earlier. A conventional hooked conform- 


LEE 8 /x%¢ THREADED CHROME COMPRESSION 
G 


N’ 


RIN' 
KI4,HEAT TREATED ALLOYED GREY IRON 


8 4x ‘%g FILLED GROOVE COMPRESSION RING 
HEAT TREATED ALLOYED GREY IRON 


8 'gx!4 DUAL BEVEL AND GROOVE OIL RING 
GREY CAST IRON 


8lgx'4 SCRAPER DRAIN OIL RING 
GREY CAST IRON 


8 /px*g THREADED CHROME COMPRESSION 
RING 
MALLEABLE TYPE CAST IRON 


8Yox%6 FILLED GROOVE 2° TAPERED 
COMPRESSION RING 
HEAT TREATED ALLOYED GREY IRON 


we 
Bix) DOUBLE HOOK OIL RING 
GREY CAST IRON 


8x4 CONFORMABLE WIDE CHANNEL 
OIL RING 
GREY CAST IRON 


4 8%4xh6 FILLED GROOVE COMPRESSION 
; ING 
HEAT TREATED ALLOYED GREY IRON 


8°%4x%4 CONFORMABLE SCRAPER SEAL 
OIL RING 
GREY CAST IRON 


854x 4 CONFORMABLE GROOVED OILCUTTER 
GREY CAST IRON 


Fig. 24 — Turbocharged 2-cycle diesel 
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9x.1I7 RADIUSED FACE COMPRESSION RING 
K-26, HIGH HARDESS MARTENSITIC 


MALLEABLE !RON 


9x.I18 2° TAPERED COMPRESSION RING 
K-26, HIGH HARDNESS MARTENSITIC 


MALLEABLE IRON 


9x 54g CONFORMABLE CLEAN-VENT 
OILCUTTER 
GREY CAST IRON 


Fig. 25 — Turbocharged 4-cycle diesel chrome plated cylinder 


9x4 GROOVED FACE COMPRESSION RING 


K-26, HIGH HARDNESS MARTENSITIC 
MALLEABLE IRON 


9x%_ 2° TAPERED COMPRESSION RING 


K-26, HIGH HARDNESS MARTENSITIC 
MALLEABLE IRON 


9x oy GROOVED OILCUTTER 


K-26, HIGH HARDNESS MARTENSITIC 
MALLEABLE IRON 


Fig. 26 — Turbocharged 4-cycle diesel chrome plated cylinder 


13',x 4, POROUS CHROME COMPRESSION 
Pe! RING 
K-16, DUCTILE IRON 


134.x) STEPSEAL COMPRESSION RING 
2°4 ~ “GREY CAST IRON 


134.x 2° TAPERED COMPRESSION RING 
24 GREY CAST IRON 


13% x% CONFORMABLE CLEAN- VENT 
OILCUTTER 
K-6E,ALLOYED GREY IRON 


Fig. 27 — Turbocharged 4-cycle diesel 


able oil ring is used in the bottom groove. 

Figs. 25 aud 26 are both for high BMEP railroad engines 
utilizing chromium plated cylinders. Hardened malleable 
iron is used for all compression rings and in one.case for the 
oil control ring. In the other case, a conformablering with 
bleeder slots in the bottom rail is applied. These bleeder 
slots prevent sludge formation under dirty operating con- 
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ditions. 

The arrangement in Fig. 27 is for a highly supercharged 
and intercooled engine used for large marine installations, 
as well as for stationary power generation and gas pipeline 
service. The top compression ring is chromium plated duc- 
tile iron for breakage and wear resistance. A step seal sec- 
ond ring is applied to minimize ring belt and crankcase con- 
tamination. The third and fourth rings are tapered and two 
conformable clean vent oil rings are applied above the pin. 
These rings are made of a tight grain alloy iron to establish 
sharp narrow scraping edges not feasible with ordinary gray 
cast iron in this section size. 


References 


1. Albert Sauveur, "Metallurgy and Heat Treatment of 
Iron and Steel", McGraw Hill, 1916. 

2. “Engineer's Handbook of Piston Rings, Sealing Rings 
and Mechanical Shaft Seals", Chapter II, "Fundamentals of 
Piston Ring Design", 3-8; Chapter XI, "Relationship of Ma- 
terial Properties to Piston Ring Design", 60-68. Published by 
Koppers Co., Inc., 1959. 

3. "Wear", Elsevier Publishing Co., Amsterdam, Neth- 
erlands, published bi-monthly. 

4, J. J. Burwell, Jr., "Survey of Possible Wear Mechan- 
isms", Wear, Vol. I, No. 2, Elsevier Publishing Co., Am- 
sterdam, Netherlands, October, 1957. 

5. T. L. Oberle, "Properties Which Influence Wear of 
Metals", presented at AIME Meeting at St. Louis, Feb. , 1951. 

6. Metals Handbook. 1955 Supplement, August 15, 
1955, 31. 

7. A. B. Shuck, "A Laboratory Evaluation of Some Au- 
tomotive Cast Irons", Trans. American Foundrymen's So- 
ciety, 1948, 166. 


8. E.J, Taschenberg, J.J. Brenza, J.H, Fuchsluger, 
R. D. Guerke, G. F. Hyde, "Evaluation of Designs and Ma- 
terials for High Speed — High Temperature Rubbing Seals 
for Turbo Engine Application", WADC Technical Report No. 
56-267, ASTA Document No. A.D. 110636, May15, 1956. 
Also WADC Technical Report 56-267, Part II, Dec. 31, 1958. 


9. G. H. T. Gilbert, A.M.I. Mech. E., "Factors Re- 
lating to the Stress/Strain Properties of Cast Iron", British 
Cast Iron Research Assoc. Journal, Vol. 6, No. 11, April, 
pS a Wie 

10. W. Blum, “Electroplated Metal Coatings", Metals 
Handbook, 1948 Edition, 716-717. 

ll. A. E. Roach, C. L. Goodzeit and R. P. Hunnicutt, 
"Scoring Characteristics of 38 Different Elemental Metals in 
High Speed Sliding Contact with Steel", Trans. ASME, Vol. 
78, 1956, 1659 et seq. 

12, C, L. Goodzeit, "Seizure of Metal Pairs during 
Boundry Lubrication", Frictional Wear, R. Davies, ed. El- 
sevier Publishing Co., Amsterdam Netherlands, available 
thru Van Nostrand in USA. 


PISTON RINGS FOR TRANSPORTATION DIESELS 


13. P. S. Lane, "Wear of Diesel Engine Cylinders and 
Rings", Trans. ASME, Vol. 62, February, 1940, 95-110. 

14. R. E. Kennemer, "Accelerated Wear Tests for Die- 
sel Engines", SAE Journal, May, 1952, 50-53. 

15. Metals Handbook, 1939 Edition, 618. 

16. G. N. J. Gilbert, "Factors Relating to the Stress/ 
Strain Properties of Cast Iron". British Cast Iron Research 
Journal, Vol. 6, No, 11. April 1957, Published Bi-Monthly 
by the Council of British Cast Iron Research Association, Al- 
vechurch, Birmingham, England. 

17. H. Morrough, "Graphite Formation in Grey Cast 
Irons and Related Alloys", The British Cast Iron Research As- 
sociation, Journal of Research and Development, Birming- 
ham, England: Vol. 5, No, 12, June 1955, 656. Published 
by Council-Alvechurch. 

18. A. R. Troiano and A. B. Greninger, "The Marten- 
site Transformation", Metals Handbook, 1948 Edition, Pub- 
lished by the American Society for Metals, Cleveland Ohio: 
264. 

19. P. Payson, "Tempered Alloy Martensites" (1958 
Edward DeMill Campbell Memorial Lecture), Transactions 
of American Society for Metals, Vol. 51, 1959 Edition, 60. 
Cleveland 3, Ohio: Published by American Society for Me- 
tals. 

20. C. S. Barrett, "Structure of Metals", Metallurgy 
and Metallurgical Engineering Series, New York and London: 
McGraw Hill Book Co., Inc. First Edition, 478. 

21. Letter from Mr. O. I. Lemmer of the Vanadium Al- 
loy Steel Co., Latrobe, Pennsylvania to Mr. G. F. Hyde 
dated November 25, 1960. 


Discussion 


Possibilities for Further Research 


N. J. Beck 

Cummins Engine Co., Inc. 

THE AUTHORS are to be commended for a very timely pa- 

per summarizing piston ring materials and their wear prop- 
erties. 

Probably the most significant accomplishments in piston 
ring materials have been the development of wear resistant 
coatings (particularly chrome plating), high strength cast 
irons, and the high hardness ductile irons which exhibit good 
wear properties even without chrome plating. I sincerely 
hope that we can expect continued improvement in piston 
ring and liner materials until engine life between overhauls 
is no longer determined by piston ring or liner wear. 

As part of this discussion I would like to suggest some 
areas for further research and development which might pro- 
vide further advancement in the art of sealing combustion 
chambers. 

Although chrome plating offers nearly a 10-fold reduc- 
tion in wear rate over ordinary cast iron rings, there is no 
reason to believe that the optimum material has yet been 
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found, In fact according to the authors’ data, it seems rea- 
sonable to expect coatings and materials to provide another 
factor of ten in reduction of wear. 

An area of piston ring design which deserves more atten- 
tion is reduction of friction. Piston ring friction accounts 
for about 10 hp of engine friction in a typical truck engine. 
This loss amounts to over 1 kw of heat generated per cylin- 
der. It is interesting to note that if piston ring friction could 
be eliminated, a cost saving of nearly $500 would be rea- 
lized for 100,000 miles operation. Although piston rings 
and liners are performing satisfactorily in naturally aspirated 
engines, we are pushing them to the limit in high output tur- 
bo-charged engines. Much improvement in scuff resistance, 
blowby and oil control is needed before increases above about 
200 BMEP are really practical. 

In the detail design of piston rings, the transition from 
art to science has still a long way to go. The development 
of satisfactory piston rings remains largely empirical. The 
phenomenon of lubrication of piston rings has never been ad- 
equately defined; the exact forces acting on piston rings are 
not accurately known; detail description of ring scuffing, oil 
control, blow-by, and friction. leaves much to guesswork. 

As an example of the non-scientific manner in which pis- 
ton rings are designed, the authors have illustrated the con- 
figurations of piston rings for 12 diesel engines--no two are 
alike. There is no other component in a diesel engine which 
has such a wide variation in detail design. The authors have 
brought us closer toward understanding why and how a piston 
ring works, Perhaps it can eventually be expected that pis- 
tons, rings and liners will be optimized by design based more 
and more on scientific facts and less on habit, superstition 
and folk lore. 

In closing I have three questions: 

1, What is the authors’ opinion on the possibilities of 
improved wear resistant coatings other than chrome but less 
exotic than tungsten carbide or aluminum oxide? 

2, In the authors’ engine testing could the difference in 
wear rates among cylinders be a result of centrifugal separa- 
tion affecting the distribution of dust in a manner similar 
to the effect on fuel distribution in a spark ignition engine? 

3. Do the authors’ believe that it is really necessary for 
1Z engines to all use different piston ring configurations? 


Authors’ Closure to Discussion by Beck 


THE POTENTIAL for reduction in engine friction by ring de- 
sign is pointed out by Dr. Beck. Internal combustion en- 
gine designers have made considerable progress in recent 
years by two means: 

1. Reduction in face bearing width, which allows re- 
duced axial force from gas load and radial bearing pressure, 

2, Reduction in the number of rings. 

This has been accomplished with beth compression and 
oil rings. High strength base materials, including the mal- 
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leables, ductiles, and steel, plus chrome plating have been 
required to accomplish this. Abrasive wear, unfortunately, 
is inversely proportional to width, Scuffing tendency, how- 
ever, is directly proportional, Thus, we are faced with 
compromise, based on the relative values and significance 
of the variables at hand, and we are involved in the "non- 
scientific manner in which piston rings are designed” asiderr 
tified by this discussor, The facts required to minimize the 
art involved in piston ring technology are being steadily 
gathered, but the application of science should be empirical 
for at least another generation. 

Dr. Beck has asked several specific questions, which are 
answered as follows: 

1, We believe that current materials research should 
make additional coatings with abrasion, scuff, and corro- 
sion resistance available. We doubt that they will be less 
exotic than tungsten carbide and aluminum oxide. It is an- 
ticipated, however that these two materials and others will 
not be impractical, due to development of economical means 
of fabrication. Therefore, they will lose the exotic conno- 
tation. 

2, Our dust feeder mechanically divides the dust equal- 
ly to individual cylinder air inlets. Individual cylinder 
swirl, or air mass movement, is probably the controlling var 
iable in wear on a cylinder-to-cylinder basis. 

3. No, the engines don't all need different piston ring 
configurations. Two and 4-cycle engines require basic dif- 
ferences in design and arrangement. However, within either 
class pistons, cylinders, combustion, application, lubricant, 
fuel, maintenance, and many other variables have a major 
effect on ring design decisions, Even similarity for different 
diameters becomes specifically limiting due to the basic 
mathematics of piston ring design. Many similaritiesinring 
design and arrangement do exist, but they will dominate 
this technology in the foreseeable future. 


Concerning the Tests and Test Results 


William S. Kenyon, Jr. 
Detroit Diesel Co. 


THIS PAPER is an excellent contribution to the never-ending 
search for more scientific approaches to the development of 
piston rings. This is especially true of the section dealing 
with the fundamental aspects of wear and metallurgy. Since 
I am not a metallurgist, I will confine my comments and 
questions to the portion of the paper dealing with tests and 
test results. 

As a matter of interest, I would like to ask the authors 
to furnish, if possible, the following additional information: 

1, What was the type of surface finish, the surface rough 
ness, and the hardness of the iron liners used in these tests? 

2, What was the piston ring groove material? 


3. Were the stainless steel rings made from one of the 
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more common types such as 440C and what was their hard- 
ness? 

The authors have stated that ring coatings of the metallic 
oxides and metallic carbides hold promise for high speed 
heavy duty engines. This is partially supported by their test 
results which show very low ring face wear with the tungsten 
carbide faced rings. I wonder, however, if they feel that 
these coatings have practical application for volume usage 
at the present time or in the near future. In considering 
these coatings, we have found that the cost for applying them 
is too prohibitive to:make their use practical at the present 
time. 

It has been our experience that some stainless steels have 
sufficiently improved high temperature properties to make. 
them attractive from this standpoint without an excessively 
high cost penalty. It was, therefore, interesting to note in 
this paper that stainless steel rings also appear to have rea- 
sonably good wear properties. It was further pointed out, 
however, that the material must be altered to be attractive 
from the standpoint of scuff resistance. I would like to in- 
quire as to what specific alteration or alterations might be 
made. 

One must agree with their decision to settle on multi- 
cylinder rather than single cylinder testing. I wonder if an 
analysis has been made as to the reasons for the wear being 
generally higher during the first 48 hr test period as com- 
pared to the second 48 hr period. 

In closing I would like to comment on the excellent job 
the authors have done in discussing and presenting pictorial- 
ly the different ring arrangements currently in use by the 
various engine manufacturers, It is most interesting to be 
able to make this direct comparison. 

I would again like to congratulate the authors on a very 
fine paper and thank the chairman for the opportunity of pre- 
senting this discussion. 


Authors’ Closure to Discussion by Kenyon 


REFERRING to Mr. Kenyon's paragraph 3: 

1. The type of surface finish is a honed cross-hatched 
finish. Surface roughness is about 20 Muin. Hardness at 
surface is about 50 RC, at 0. 008 in. depth, about 20 RC and 
at base (about 0.016 in. deep) about 95 Rp. 

2, The groove material is believed to be centrifugally 
cast grey cast iron (equivalent to Koppers K8), 

3. A modified 440C with additions of Mo and V was used. 
Hardness was 65 RC; 

Referring to Mr. Kenyon's paragraph 4: We are presently 
working not only on the development of these materials to 
run properly in engines but also on means to supply these 
rings at an attractive cost. These coatings, of course, will 
be more expensive than chromium plated piston ring but not 
excessively so, 


Referring to Mr. Kenyon's paragraph 5: The alterations 
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mentioned will be in mechanical and/or chemical consti- 
tuents, the latter referring to changes in amounts of Mo and 
V. 

Referring to Mr. Kenyon's paragraph 6: We believe this 
is a matter of wearing off the high points of both the ring 
material and the liner material and the lower wear rate 
thereafter. 


Comments on Metallurgical Aspects 


Dallas Lunsford 
Perfect Circle Corp. 


DISCUSSER'S Comment: The authors state, "Wear accounts 
for millions of dollars wasted every year in worn out engines, * 
To say that wear accounts for millions of dollars each year 
in maintenance and replacement of engines is one thing, but 
to say that it is wasted is another, Most engineers and en- 
gine builders are constantly working to provide the best known 
materials, designs, and workmanship to promote the longest 
possible life of their product consistent with the economic 
requirements, 

Authors’ Reply: No comment. 

Discusser’s Comment: “Metallurgical Aspects of Piston 
Ring Materials" - This section refers to Oberle's "Modell 
Factor" and indicates that it does not hold true, particularly 
for two gray irons A and B shown inTable5, The statement 
is made that these two materials have the same "Modell Fac- 
tor", yet A shows good wear and B poor wear. Several wrong 
assumptions are made for these two materials and in par- 
ticular for material B. (There is no question about material 
B being poorer with respect to scuffing and wear resistance. j 
We wish to comment as follows: 

a. The combined carbon of 0, 83% for both materials is 
incorrect, This percentage is only true for a plain carbon 
steel of eutectoid composition. 

Authors’ Reply 2a: With regard to the materials A and 
B the combined carbons of the specimens from which these 
were taken were 0.81% exactly. [have stated in the paper that 
"The interdendritic matrix material of Spec. B surrounding 
the very fine graphite is usually ferritic (pure iron or a solid 
solution of iron and silicon)." In light of this the combined 
carbon of this specimen could easily be 0. 6% or even 0, 5%, 

2b Discusser's Comment: The inference is made that 
the matrix of both materials is pearlitic, and therefore the 
only difference is in the graphite. It is obvious that con- 
siderable free ferrite is present in material B which would 
have a very detrimental effect upon its scuff and wear re- 
sistance. This is acknowledged later in the paper, but the 
early statement is misleading. 

Authors’ Reply 2b: The discusser’s statement is incorrect. 
The three subsections entitled Graphite, The Matrix, and 
Consideration of Graphite and Matrix Together in Cast Iron, 
all discuss in turn the pertinent characteristics of Material 
B. Together, these three paragraphs relate metallographic 
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structure to scuff tendency, and definitely indicate the sig- 
nificance of free ferrite. 

2c Discusser’s Comments: The data showing a modulus 
of elasticity of 11.5 x 10© psi for Material B is contrary to 
all factyal data and experience, particularly with regard to 
piston rings. A piston ring material having a microstructure 
similar to that shown for B Table 5 would have a modulus 
of elasticity more in the order of 17 x 10® psi. Making this 
one change in the calculations would give a "Modell Factor" 
of 12 and place this material more nearly in proper position 
with regard to the arrangement shown in Table 6, 

Authors’ Reply 2c: Perhaps the modulus value for the spe- 
cimen B is lower then typical for this type of structure, al- 
though it is a real value, Usually when the modulusis raised, 


the hardness for cast iron sections of this type is also. There- 
fore, the "Modell Factor" remains reasonably the same for 
type A graphite irons and Type "D" graphite irons, Refer- 
ring further to Ref. (7), Heats 312 and 378 specifically show 
lack of correlation of Modell Factor and wear rating. Infact 
both heats show a poorer wear rating with increased Modell 
Factor. 

It was also mentioned by the Authors" during the discus- 
sion that gray cast iron does not possess a true elastic modu- 
lus, Gray cast iron is not an elastic material and the elastic 


modulus changes with different values of stress, It is nec- 


essary, therefore, in the piston ring industry to specify the 
stress of a piston ring part in order to obtain a given elastic 
modulus, 

This is illustrated in the Fig. A which shows the chang- 
ing values of elastic modulus for the two gray cast ironsK-1 
and K-2, as compared to the malleable irons K-Spun, F-88 
and K-26 which show constant elastic moduli values up to 
their yield points. The two steel materials K-60 and K-61 
also possess true elastic properties as shown. Because of this 
non-elastic property of gray cast iron, possessing no true 
elastic modulus value it is possible that the Modell Factor 
should not be used to rate gray cast iron on wear. 

2d Discusser’s Comment: With regard to the description 
of the graphite structure of materials A and B, it is the type 
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Fig. A— Change in transverse modulus of elasticity with in- 
creased stress for different piston ring materials 
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D (undercooled graphite) which would be considered as eu- 
tectiform, rather than that shown for material A 

Authors’ Reply 2d: The term “eutectiform"™ is used inthe 
paper to describe the structure shown for material A in the 
paper. This expression was used by the authors’ to at- 
tempt to define the AFS-ASTM Type A graphite structure 
as was described by Morrough (17) where he states, "It seems 
now generally agreed that the normal flake graphite arising 
from the eutectic transformation is deposited directly from 
the liquid and not indirectly as a result of carbide decom- 
position". The term "eutectiform” seems to us to clearly 
describe the formation of the type A structure as described 
by Morrough - graphite formed from the eutectic. 

Morrough uses the term “undercooled” to describe the 
type D structure and the term “Normal Flake" to describe 
the type A structure. 

As pointed out by Mr. Lunsford, however, the term "eu- 
tectiform” has had prior usage to describe the type D gra- 
phite structure. For this reason thisterm as used inthe paper 
is confusing and will be changed to read either "Normal 
Flake" or "Type A” graphite cast iron. 

Discusser's Comment: "The Matrix” - The statement 
that pearlite contains a fixed amount of carbon (0.83%) is 
true only for a plain carbon steel as mentioned earlier. The 
eutectoid compositign of pearlite in cast iron is somewhat 


lower (more in order of 0.65% carbon) and varies with re- - 


spect to the silicon content, assuming normal cooling and 
solidification. It might also be mentioned that the hard- 
ness shown in this same paragraph for “ferrite” will vary 
somewhat in accordance with the silicon content. 

Authors’ Reply: The classic definition of a pearlitic cast 
iron is stated to be as follows (15): “Pearlitic iron is cast 
iron with a pearlitic matrix. So defined, any iron contain- 
ing from 0.60 - 0, 90% combined carbon is a pearlitic iron. 
With regard to the hardening effect of silicon in ferrite, this 
is well known. 


Discusser's Comment: "The Matrix" - The statement 
is also made that of all the metallographic constituents pos- 


sible in plain carbon steel, pearlite is known to possess the 
best wear characteristics. This seems to completely ignore 
the fact that in nearly all applications of steel components 
where wear resistance is a requirement, the part is heat treat- 
ed to provide a higher hardness, martensitic microstructure. 

Authors’ Reply: The inference here was to convey the 
thought that of all metallographic constituents possible in 
plain carbon steel (0, 90% carbon and below) that pearlite 
possesses the best adhesive wear characteristics. The intent 
was to point out that for the best wear properties ferrite should 
be avoided. 

I cannot agree with Mr. Lunsford that we have complete- 
ly ignored the excellent wear properties of fully hardened 
steels, This is so stated in the paper under the discussion 
of Specialy Steels which states that, fully hardened alloy 
steels possess excellent abrasive wear characteristics. These 
steels possessing a hardness on the order of 67 RC and a Mod- 
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ell Factor of about 24,3 possess excellent dry brake-shoe 
type wear properties against themselves, against channel type 
chromium plated surfaces, against flame plated tungsten car 
bide, chromium carbides, and aluminum oxide. 

Discusser's Comment: "Wear Properties of Pearlitic Mal- 
leable and Pearlitic Ductile Irons" - The statement ismade 
that optimum wear properties are obtained with a graphite 
density in the range of 80 - 110 nodules per sq mm. Un- 
doubtedly this refers only to the pearlitic malleable mate- 
rial and not to pearlitic ductile material, although it is not 
so clearly defined. 

Authors' Reply: We had assumed that since these com- 
ments were under a section referring exclusively to malle- 
able irons that it was clear that it referred only to the mal- 
leables. We wish to affirm that Mr. Lunsford's speculation 
is correct on this point. We would like to add; however, that 
although this statement was meant to apply only to the pearr 
itic malleable irons, we have found a similar deleterious 
effect on the wear properties of the ductile irons when the 
graphite density becomes very large with small graphite. 

Discusser's Comment: “Wear Properties of Pearlitic Mal- 
leable and Pearlitic Ductile Irons" - Reference isalso made 
in this section to martensite as being a single phase matrix, 
and therefore as previously stated earlier in the paper for 
single phase matrix, indicates that martensite is not a good 
microstructure for scuff and wear resistance. 

First, we wish to take exception to the statement that 
martensite is a single phase matrix. We believe it to be 
quite similar to the phases in pearlite, except that it con- 
sists of extremely fihe or minute distribution of the Fe3C 
constituent. We do agree that the martensitic structure is 
more readily annealed, or in case of the cast irons, a sec- 
ond stage graphitization takes place more readily under con- 
ditions of high temperature than with the normal pearlitic 
structures. 

Authors’ Reply 6a: Martensite of the iron-carbide system 
is defined by Troiano and Greninger (18) and Barrett (20) as 
a constituent possessing a body centered tetragonal lattice. 
Certainly no additional words need be said to prove that mar 
tensite as a metallurgical constituent is single phased. 

Tempered martensites, however, do possess precipitated 
carbides, In the unalloyed and low alloyed steels and cast 
irons the precipitation of these carbides result in softening 
of the matrix material as was stated in the paper and this 
often results in the initiation of adhesive wear and scuffing, 
Mr. Lunsford states that "He agrees that the martensitic struc 
ture is more readily annealed". We would like to point out 
that in the Specialty Steels also stated that these steels pos- 
sess remarkable hardness stability to temperatures as high as 
1000 to 1100 F. With regard to the hardness stability of these 
materials and the issue pertaining to martensite, Mr. O. I. 
Lemmer (21) reports as follows: 

"The rigorous definition of martensite as a single phase 
constituent which exists as a super-saturated solid solution 
of carbon in ferrite holds specifically for unalloyed marten- 
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site in the as quenched condition, During tempering, iron 
carbide is rejected from the solid solution. This results in 
minor softening and reduction of the tetragonal lattice struc- 
ture. Depending upon the extent of tempering, these re- 
actions continue until the rejected carbide becomes visible 
microscopically and the lattice dimensions are congruent 
with ferrite. Nevertheless, it may be considered that mar- 
tensite itself is still a single phase exclusive of the precipi- 
tated carbide. 

High speed steels show a parallel but somewhat complex 
reaction on tempering, partly because a significant amount 
of austenite is retained after quenching. Consequently, dur- 
ing tempering, two reactions occur simultaneously; the first 
is the softening and carbide precipitation described above, 
while the second is a conditioning of the retained austenite. 


Considering the primary martensite only, its softening 
does not proceed continuously with higher tempering tem- 
peratures, Actually, the iron carbide, which is the first car 
bide rejected during tempering, redissolves as tempering 
temperatures approach 600 F and a more complex alloy car- 
bide precipitates in its place. The rejection of this secon- 
dary carbide increases the hardness of the structure up to the 
tempering temperature of approximately 1000 F. 

This reaction alone does not account for the significant 
increase in hardness observed at temperatures in the neigh- 
borhood of 1000/1100 F. Actually, transformation of the 
conditioned austenite to martensite during cooling from the 
tempering temperature accounts for most of the hardness in- 
crease. The change in the primary martensite manifests it- 
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self metallographically as a darkening of the previously un- 
defined matrix, " 

6b Discusser's Comment: The authors’ are apparently 
not convinced about the better scuff and wear resistance of 
pearlite, In the section discussing various piston ring com- 
binations and applications, reference is made to the ulti- 
mate in scuff resistance where the top ring is chromium plat- 
ed and all the unplated rings are given a full heat teatment 
to provide a martensitic structure. Reference is also made 
to the fact that all the intermediate rings are hardened for 
better scuff and wear resistance, 

Autnors' Reply 6b: The discusser assumes that the authors" 
have related the ultimate in scuff resistance to the base ma- 
terial of the rings involved inasmuch as he is discussing base 
material structure, This is not true. It is associated with 
the utilization of: 

1. Grooved face top chromium plated rings, 

2. Filled Groove Intermediate rings. 

Both of these ring configurations are highly scuff resistant 
and widely accepted as such, 

The eleven arrangements shown obviously indicate the 
need to balance ring material properties and design factors 
for the application, we are not advocating the universal 
use of pearlitic irons. 

With reference to Mr. Lunsford's next comment, the ap- 
plication called for a material to resist breakage, hence the 
selection of ductile iron. The effectiveness of hardening 
malleable and ductile irons to control scuffing and abrasive 
wear is well accepted. 


FOR SOME TIME it has been generally agreed that the next 
generation of civil transport engines should be jet engines 
of low jet velocity. We as a firm are flattered to note that 
it is now also agreed that these engines should be of the by- 
pass type which we have pioneered. A diagrammatic view 
of this type of engine is shown in Fig. 1. 

As far asits jet noise is concerned, the noise has got to be 
determined from a central hot jet of moderately high ve- 
locity which may be surrounded by an annular cool jet of 
rather lower velocity. For optimum thermodynamic per- 
formance these two jets must be mixed and allowed to dis- 
charge at a uniform velocity through a single nozzle. But 
this mixing process is precisely that which produces jet noise. 
Thus, it is not immediately obvious that this is also the op- 
timum arrangement for minimum noise. It might, for ex- 
ample, be quieter to discharge the two jets through two sep- 
arate nozzles. We must, therefore, examine this mixing 
process carefully in order to find the optimum arrangement. 
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By-Pass Engine Noise 
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Rolls-Royce, Ltd. 


This paper received the 
1960 Wright Brothers Award, 


Jet Mixing Processes 


In the general case, where a central jet of velocity Vj 
is surrounded by an annulus of air of infinite extent, having 
a velocity Va, the significant part of the mixing region is 
that shaded in Fig. 2. The outer boundary of the mixing 
region spreads at an angle 6 to the axis, and the inner bou- 
ndary spreads at an angle ¢ to the axis, where 6 and 
vary with the ratio of Va to Vj, as shown in the lower dia- 
gram. This simplified picture is not by any means a com- 


Fig. 1 — Schematic of by-pass engine 


Fig. 2 — Mixing of high velocity jet in low velocity air 


pletely true picture of the spread of a jet in air (1)*, but it 
is sufficiently accurate for our purpose in examining noise. 
It can be seen that when Va is zero the core is about 5 di- 
ameters long, whereas when Va = Vj there is no mixing and 
the core is infinitely long (neglecting temperature effects). 

It is generally agreed that most of the jet noise is gene- 
rated in the initial part of the mixing region up to the end 
of the core of unmixed jet, and that the noise per unit length 
of the jet is constant in this region (2, 3), For out purposes 
it is good enough to assume that all the noise is generated in 
this region and none downstream of the end of the core. We 
would then expect the noise of this jet to be related to its 
core length, as well as to its area and relative velocity, that 
is a relationship of the form 

noise a Aj x core length x (Vj - Va)" (1) 
where n is around 8 to 10, The only new feature of this ex- 
pression is the dependence of the noise on the core length. 
It seems reasonable to bring in the core length in this way, 
since the volume of the mixing region is also proportional 
to Aj x core length. Before we use this expression to exam- 
ine the noise of a by-pass engine, its validity should be 
checked as much as possible, 

NOISE IN FLIGHT AND ON GROUND - One obvious check 
is to compare noise measurements made on a jet engine on 
the ground where Va = 0, and in flight where Va= the flight 
speed, Fig. 3 shows this comparison for all the tests we have 
made of noise from an Avon engine in a Canberra as it flies 
overhead (4). The line on this graph is derived from the 
best mean line through all our ground test points of the peak 
overall sound pressure level heard by an observer walking a- 
long a line 500 ft from the axis of the jetengine. Tobe exact, 
itis aline 5deg from this to allow for the fact that over the range 


*Numbers in parenthesis designate References at end of 


paper. 
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Fig. 3 — Flight noise measurements 
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Fig. 4 — Ejector mixing processes 


of flight speeds in which we are interested the jetis usually at 
an angle of incidence of about 5 deg to the flight path. The 
actual line has been corrected by a factor depending on the 
altitude and the variation of core length between ground and 
flight conditions. The points are from the flight tests and 
are plotted at the appropriate relative velocity between jet 
and air. The scatter of the points is considerable but this 
core length correction does enable us to account for the fact 
that the noise is apparently higher at a given relative veloc- 
ity in flight than at that absolute velocity on the ground. 

EJECTORS - Circular Nozzles - A very similar mixing 
process occurs in an ejector (Fig. 4) and again we can try 
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to account for measured results. In the ideal case (shown in 
the upper part of the figure) the jet mixes completely with 
the induced air and is then discharged at a uniform and, of 
course, much lower velocity from the outlet. Ideally, there- 
fore, we would expect to get the mixing noise due to Vj-Va 
as in the flight case, plus the noise from the mixed velocity 
at outlet (though this latter, as can be seen below, 1s 1n tact 
negligible in practice). There is, however, a complication 
in the case of an ejector system on an engine on the ground, 
because the action of the ejector is to induce an air flow 
round the nozzle which results in a low static pressure 
at this point, with the static pressure rising back to atmos- 
pheric at the outlet of the ejector. Due to this depression 
at the inlet the jet velocity is itself slightly raised and this 
velocity must drop slightly along the core. Similarly, the 
air velocity must also drop along the ejector, and for calcu- 
lation purposes it seems reasonable to assume that the rela- 
tive velocity remains constant along the core. 

In practice it is not possible to use an ejector long enough 
to allow complete mixing in this way, and a more practical 
configuration is that shown in the lower figure. In this case 
the core would protrude out of the end of the ejector, and it 
is clearly no longer possible to assume that mixing is taking 
place at the previously considered relative velocity between 
core and induced air. In fact this last portion of the core 
must be mixing much more, as if it was the last part of a 
hypothetical jet mixing with static air, as shown in the dia- 
gram. In this case, therefore, we would expect part of the 
noise to be generated at the relative velocity Vj- Va and 
part at Vj in proportion to the respective areas and core 
lengths concerned. On this basis we have calculated the at- 
tenuation to be expected by the use of an ejector, andcom- 
pared these calculations with measurements. 
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Fig. 5 — Velocities induced by ejectors — 1600 fps original jet 
velocity 
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For a basic jet of 1600 fps jet velocity, the induced air 
velocities are shown on Fig. 5 for a series of ejector areara- 
tios (A) and length/diameter ratios (in terms of the original 
jet area and diameter). The increasing jet velocities and 
the relative velocities between jet and airare alsoshown. The 
corresponding attenuations, calculated as described above, 
are shown in Fig. 6, plotted against length/diameter ratio. 
The left-hand parts of the curves are those for which thecal- 
culated core protrudes from the end of the ejector so that the 
noise of its mixing with static air must be allowed for. (Since 
the static pressure must have risen to the atmospheric value 
at this point the velocity in the core has been assumed to be 
that of the basic jet, not the new velocity associated with 
the depression at the inlet to the ejector. ) 

The first interesting fact to emerge from the calculations 
is that the attenuation is actually less for larger area ratios, 
in contradiction to the theories put forward in our earlier pap- 
er referred to above (4), but on reflection this appears to be 
a more reasonable result, It is clearly legitimate to discard 
one hypothesis in favour of another in the hope of ultimately 
arriving at the truth. 

On the graph have also been plotted a number of experi- 
mental points, some obtained on a small scale jet engine of 
5 in. nozzle diameter and some on a full scale Avon engine, 
all as the reductions in peak overall noise heard by an ob- 
server walking nearly parallel to the jet axis as described a- 
bove, and all for a basic jet velocity of 1600 fps. The test 
points are undoubtedly scattered but the agreement between 
calculation and measurement is very reasonable at thesmall 
ejector lengths which can be used in practice. We attribute 
the high attenuations at larger ejector lengths to a change 
in directivity of the noise due to multiple reflections inside 
the ejector. : 

Another interesting deduction that can be made by means 
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Fig.6 —Estimated and measured attenuations for various 
ejectors — circular nozzles 


BY-PASS ENGINE NOISE 


of these calculations is to examine what happens in flight. 
In this case the fitting of an ejector only increases the air 
velocity past the nozzle very slightly. The corresponding 
calculated flight attenuations are also shown on Fig. 6. It 
can be seen from this that an ejector giving about 5 db at- 
tenuation on the ground would only be expected to give a- 
bout 1 db in flight. We have been hoping to do some spe- 
cific tests of this effect on our Canberra aircraft but have 
not yet been able to arrange it. It would therefore be ex- 
tremely interesting to know if the Douglas Aircraft Co. has 
noticed any effect of this sort with their ejector on the DC-8. 

Silencing Nozzles - Douglas, of course, is using their e- 
jector not with a conical nozzle but with a silencer, the ad- 
vantage of this being that as all the core lengths are reduced 
with a divided nozzle so are the ejector lengths for the same 
attenuation. But, to be exact, this should be for the same in- 
duced velocity, and it isnot necessarily the same thing. Here 
we will digress for a moment on the subject of silencers, al- 
though it is hoped that they will not be needed on future by- 
pass engines. 

We know that part of the attenuation produced by a si- 
lencing nozzle is due to the fact that some of the individual 
jet mixing regions are shielded from 'view' by others. A 
simple experiment (4) on two circular jets, examining the 
noise first in the plane through the jets and then in the plane 
normal to this, illustrates that one jet can effectively shield 
the noise from another. Fig. 7 shows that even with the jets 
widely separated we get 3 db attenuation relative to a single 
nozzle of the same total area. As the jets are brought near- 
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Fig. 7 — Measured attenuation form pair of nozzles 
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Fig. 8 — Seven-tube silencing nozzle 
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Fig.9 — Estimated and measured attenuation for various 
ejectors — 7-tube silencing nozzles 


er together the attenuation increases. We have hitherto ra- 
ther weakly ascribed this to interference’ between the jets, 
without trying to specify the nature of this interference. But 
we know that the action of a silencer is to induce an axial 
air flow into the jets and it may be the consequent reduc - 
tion in relative velocity which produces the remainder of 
the attenuation, just as with an ejector. This sort of hypo- 
thesis has been stated many times before though no system- 
atic attempts have been made to correlate this induced ve- 
locity with the attenuation. 

Consider the case of the 7-tube silencer shown in Fig. 8, 
which by itself gives an attenuation ot about 4-1/2 bd at 
1600 fps jet velocity. Looked at in direction A, two whole 
jets plus three half jets can be seen, making 3-1/2 jets in 
all, and in view B, three jets canbe seen. Clearly about 
half the jets are shielded, and we would expect 3 db atten- 
uation due to this effect. To account for the remaining 1- 
1/2 db attenuation we would need a new relative velocity 
of 1525 fps. Allowing for the depression at the nozzle out- 
lets the jet velocity would increase to 1625 fps, an induced 
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Fig. 10 — Mixing of low velocity annular jet co-planar with high 
velocity central jet 
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Fig. 11 — Noise of co-planar jets —A = 2 


velocity of 100 fps. Reverting now to our ejector calcula- 
tions, in this case for a series of ejectors of increasing length 
fitted to this 7-tube nozzle, it is clear that they cannot pro- 
duce any additional attenuation untilthey are long enough to 
induce at least this same air velocity of 100 fps. On the 
other hand, each individual tube diameter is about 0.4 times 
that of the original nozzle and all the core lengths will be 
reduced by the same factor. Hence only for very small e- 
jector lengths will the cores protrude so that we must add the 
noise of their mixing with static air. The calculated curves 
are then of the form shown in Fig. 9. A number of experi- 
mental points are also shown in this graph and it canbe seen 
that the agreement with the calculations is again not too bad 
for short ejector lengths. We have not made any attempt to 
calculate what happens in flight with this sort of nozzle plus 
ejector arrangement because the behaviour of a silencer by 
itself in flight is not at all readily predictable. Its perform- 
ance must depend on how readily air can penetrate into the 
central part of the nozzle against an adverse pressure gra - 
dient in flight compared with a favourable pressure gradient 
on the ground. Judging by the calculations for the circular 
nozzle, however, it does not seem likely that much addi- 
tional attenuation will be obtained from the ejector in flight. 


CO-PLANAR JETS - One further case we can consider is 
where the annulus air and central jet emerge separately but 
in the same plane, as in Fig. 10. In this case there are 
three mixing regions to consider, 

1. The annulus air mixing with static air if it were a 
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large jet of area A. 

2. The central jet mixing with the annulus air at the 
relative velocity Vj - Va. 

3. The part of the central core protruding downstream 
of the first mixing region and assumed to be mixing with sta- 
tic air again as if it was part of the hypothetical jet shown. 

Once again we can calculate the noise corresponding to 
these different mixing regions in terms of the jet areas, core 
lengths, and velocity differences concerned, and compare 
with measurements. 

It might be thought that we should take into account the 
shielding of the noise from the inner mixing region by the 
outer mixing region but in fact this consideration need not 
be taken into account. This shielding can only be signifi- 
cant when the velocity difference in the shielding region is 
at least of the same order as that in the shielded region, or 
in other words when Va is equal to half of Vj or greater;un- 
der these conditions the noise from the inner mixing region 
is so much less than that of the original jet that it contrib- 
utes nothing to the total noise in any case. 

This can be understood more readily by referring to Fig. 
11 which has been drawn to illustrate the various processes 
for an annular air jet of area equal to that of the central jet 
(that is A =2). The diagram shows the resultant noise level 
relative to that of the central jet alone, plotted against the 
velocity ratio annulus/central jet. Clearly when the veloc- 
ity in the annulus is zero the noise is the same as if the an- 
nulus were not there, giving point A zero db at . = 0. E- 
qually clearly, if the velocity in the annulus is the same as 
that in the central jet, the noise is that from a larger jet of 


V 
twice the area, giving point B + 3 db at a =1. How the 


noise varies between these points is more complicated. 
Consider first the noise in the mixing region between the 
central jet and the annulus air, assuming for the moment 
that it extends to the end of the core. As Va increases, the 
relative velocity in this region decreases, so that when 
Vj - Va 
Vj 
an 8th power law) to (1/2)8, but because of the increased 
core length up by a factor of 2, i.e. down by 21 db. This 
noise will therefore vary according to the line AX, going 


= 1/2, for example, the noise should be down (on 


through the point 21 db down at = = 1/2. 
] 


Similarly, if the noise from the outer mixing region of 
the annulus air were also complete, it would be that of a jet 
of area twice the area of the central jet varying as 

Va8 Va 


a Ats=2= 2 i 
Vj Vi 1/2, therefore, it would be 24 db down 


f Va 
on the noise at Vi =1, and this variation of noise would 


be represented by the line BY. 
It is also of interest to consider how the noise would vary 
if it came from a uniformly mixed jet spread over the total 
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Va 
area. At Vi = 0 this would be a jet of half the velocity 


through twice the area of the central jet (assuming incom- 
pressible flow) and the noise would be 24 db down on point 
B. This variation of noise is given by the line BZ. 

Reverting tor the moment to ejectors, this diagram shows 
that the noise of an ejector system of area ratio 2, and long 
enough to mix completely and to contain the core of the in- 
itial mixing region, will be obtained by adding the two noise 
components given by the lines AX tor the internal mixing 
noise, and BZ for the noise of the mixed jet emerging from 
the end of the ejector. The lower of the two heavy lines 
on Fig. 11 shows the sum of these two components. 
an ejector of this sort can only induce a 
Ti of about 0.2, the working point is at the left-hand end 
of this diagram, and the noise of the mixed jet emerging 
from the end of the ejector is well down on that of the in- 
ternal mixing. 

On the other hand, this curve also detines the noise trom 


Since 
maximum 


a by-pass engine if the two streams are discharged into a 
pipe at a pressure just above atmospheric and allowed to mix 
completely betore being discharged again. In this case the 
working point is towards the right-hand end of the diagram, 
so that the noise of the mixed jet predominates. In practice 
the two streams would be mixed at a considerably higher 
pressure, and lower velocities, so that the internal mixing 


noise would be even lower. 
For the co-planar nozzle of Fig. 10, the noise will be the 


sum of that produced by a proportion of the internal mixing 
region given by AX plus a proportion of the outer annulus 
mixing region given by BY plus a proportion of the original 
central jet mixing with static air. Clearly the high jet ve- 
locity makes the last of these terms overwhelmingly the more 
important, and it will only be eliminated for very large area 
ratios for which the outer mixing regions completely shield 
the inner one; and in fact area ratios of at least 10 are need- 
ed for this.* For the area ratio of 2 of Fig. 11 the calcula- 
tion gives the upper of the two heavy lines, and it can be 


Va , 
seen that over the greater part of the range of Vi the noise 


is essentially the same as that of the inner core alone, and 
that there is no significant attenuation produced by discharg - 
ing the annulus air round the central jet. 

We have carried out some tests on co-planar nozzles of 
this type of four different area ratios ranging from 1.77 to 
5.14. The two ‘theoretical’ lines of Fig. 11 have been cal- 
culated for compressible flow and using the correct index of 
noise variation with velocity, and plotted on Fig. 12. It 
will be seen that even with an area ratio of 5.14 onlyasmal} 
degree of attenuation is predicted for the co-planar nozzle. 
The results are rather sketchy but it would be fair to deduce 


*For the individual mixing regions of a silencing nozzle 
the effective area ratios are, of course, quite large. 
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from them that for area ratios#up to 4 and velocity 
Va eee : 
ratios 4 to 0.8 the noise of the co-planar jet is predict- 
J 


ed, that is the same as that of the original central jet. These 
results are in excellent agreement with some reported a long 
time ago by Tyler and Perry (5) in which they investigated 
the noise from several co-planar jets at a velocity ratio of 
0.67. Their area ratios were 1.33, 1.67, and 3.4, and in 
every case they found that the noise of the co-planar jet was 
the same as that of the central jet. Incidentally, at this ve- 
locity ratio our own results still agree very closely even in 
the case of the largest area ratio tested, for which the mea- 


: Va 
sured attenuation at low values of ems to be between 
J 


the two ‘theoretical’ curves. 


Optimum Jet Arrangement 


In the case of an actual by-pass engine, with by-pass ra- 
tio around 1, the area ratio is about 2 so that we can use 
Fig. 11 to examine its noise. Velocity ratios are in the range 
0.65 to 0.75. The conclusions to be drawn are: 

1. For separate discharge of low velocity cool air and 
high velocity hot gas there is clearly no advantage to be 
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Fig. 14 — Variation of noise with time 


gained by surrounding the gas jet by an annulus of air ina 
co-planar nozzle. The noise will still be the same as that 
of the hot gas jet alone. 

2. If the two streams are mixed before being discharged 
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as a uniform jet there is a significant reduction in noise over 
the hot gas jet alone (quite apart, of course, from any gain 
in thermal efficiency). Exactly as in the case of the ejector, 
the mixing length can be shortened by using a mixer not un- 
like a silencer. 


Approach Noise 


Until comparatively recently it has been jet noise during 
take-off which has caused most disturbance to communities 
around airports but the noise on approach with the engines 
throttled back is now found to be equally disturbing. At Los 
Angeles, for example, most take-offs are made over water 
and it is the approaches over land which disturb most, while 


at New York and London the use of silencers and of noise a- 
batement take-off procedures has reduced the take-off noise 
of the current jet aircraft to a level where complaints con- 
cerning the approach noise have become equally numerous— 
and, of course, the jet noise of these by-pass engines, even 
unsilenced, will certainly be no worse than that of the si- 
lenced existing engines. 

IS IT JET NOISE? - What do we know about approach 
noise? We know that it has a lot of discrete frequencies in 
it which are very irritating but there is also a loud white 
noise component. The first point to consider, therefore, is 
whether this is still jet noise or whether it all comes from 
the compressor. 

We have made many measurements of the noise from an 
Avon engine in a Canberra aircraft flying overhead at high 
thrusts, and we have recently extended these down to the low 
thrust end of the scale. By using two engines together at ap- 
proach rpm we have been able to fly the aircraft over at a- 
bout the same forward speeds as we have been able to do with 
one engine at highrpm. Fig. 13 shows some of the results. 
The line (taken from Fig. 3) shows the variation of jet noise 
with relative jet velocity and it can be seen that around 6000 
rpm the measured overall noise is some 13 db above the jet 
noise, around 5000 rpm it is some 27 db above. Clearly this 
is not jet noise. 

SPECTRUM ANALYSIS - Fig. 14 shows typical traces of 
the variation of this noise with time as the aircraft flies over- 
head. The top trace is for overall noise, the second for 
noise in the top octave, and the third for noise in the 1/3 
octave centered above 5000 cps. It can be seen that the 
white noise varies quite smoothly as the aircraft flies over- 
head but that the high frequency traces show a double peak, 
a first peak when the aircraft is overhead, and a second peak 
about 2 sec later. The 1/3 octave analysis uses a band width 
of +13% in frequency; clearly with these discrete frequen- 
cies present we need a narrower band-width. We have there- 
fore made an analysis of the noise heard at various instants 
of time with some equipment having a band-width of + 3% 
(for 3 db down on the peak) over the frequency range from 
about 500 to 8000 cps. The results are shown on Fig. 15 for 
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times from 4-1/2 sec before the aircraft is overhead to 5-1/2 
sec after it is overhead. It can be seen that the noise has 
the general characteristics of a white noise having a maxi- 
mum intensity in the region around 600 to 800 cps, with a 
number of peaks superimposed on this. The width of the 
peaks shown on this diagram is not of course a true measure 
of the sharpness of the peak of the actual noise, both be- 
cause of the finite band width of the analyser and because 
the rpm of the two engines used during the tests were not ex- 
actly the same but were 2% apart. It is quite clear, how- 
ever, by actually listening to the noise, that true discrete 
frequencies are present, and it is, therefore, fair to assume 
that the peaks on these ctirves represent at their peaks the 
magnitude and frequency of the discrete tones present. 


VARIATION OF NOISE WITH TIME - From these graphs 
we can obtain the variation of sound pressure level against 
time for the various components of the noise, as shown in 
Fig. 16. The overall noise is taken directly from the trace 
and is shown rising to a peak about 1 sec after the aircraft 
has passed overhead, a peak of 87 db in this case when the 
aircraft was at 500 ft altitude. 

In the lower part of Fig. 16 the lines are drawn for the 
calculated variation in frequency of notes emitted by the 
compressor as heard by an observer on the ground. The vari- 
ation is, of course, due to the Doppler effect as the aircraft 
flies overhead. The speed of the aircraft is such that the 
frequency of the note heard when the aircraft is flying away 
from the observer is almost down to half that which is heard 
as it flies towards him. The fundamental blade passing fre- 
quencies of the 1st, 2nd and 3rd stages of the compressor have 
been plotted, and also the 2nd harmonic of the Ist stage;the 
points on both graphs are the peak values of noise, and of 
the frequency at that peak, taken off the previous curves at 
the various moments of time. It can be seen that the Ist 
stage fundamental can be clearly identified over the whole 
period of time on the graphs, since the measured frequen- 
cies agree very closely indeed with the theoretical ones. Sim- 
ilarly the 2nd stage fundamental can be identified over most 
of the time scale although there is a gap around 1/2 to 1 sec 
after the aircraft has passed overhead, during which it is not 
possible to identify it. There is a faint trace of the 3rdstage 
fundamental but the graphs are not reliable enough to show 
it accurately. On the other hand, there is very clear evi- 
dence of the 1st stage 2nd harmonic rising very rapidly to a 
peak just after 1 sec after overhead, and falling again very 
rapidly, also very clearly identifiable by the frequency peaks 
agreeing very closely with the theoretical. 

It is, of course, possible that there is also some 2ndstage 
2nd harmonic present, but the frequencies of this component 
would be beyond the range of the equipment used during 
these tests, and in fact would be above or near the limit of 
the audible range during most of the fly -over. 

When listening to this noise it is particularly difficult to 
grasp exactly what one is hearing because of the big varia- 
tion of frequency due to the Doppler effect as the aircraft 
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Fig. 15 — Change of spectrum with time 


Pa 


flies past, but this graph makes it clearer. As the aircraft 
approaches, the overall white noise builds up slowly, rising 
to a peak around 1 sec after the aircraft has passed overhead, 
and then falling again quite slowly. 

We have also plotted the mean spectrum levels of this 
white noise as db per cycle for the 7th and 8th octaves which 
contain the discrete frequencies. The corresponding octave 
levels are 34 db higher for the 7th octave and 37 db higher 
for the 8th octave. Considering the 7th octave, it can be 
seen that at a point about 1/2 sec before the aircraft passes 
overhead the octave level has reached 71 db. The Iststage 
fundamental has been rising rapidly to a peak at this mom- 
ent of 65 db, and it is therefore contributing slightly to the 
total noise in this octave and is, of course,'colouring' it very 
very distinctively. This 1st stage fundamental then falls off 
slightly, but around 1 sec after overhead it is reinforced by 
the 2nd stage fundamental which has dropped sufficiently in 
frequency by this time to appear in the 7th octave, although 


they are both some 10 db down on the white noise in that oc- 
tave at that moment. Considering now the noise in the 8th 
octave, at about 1/2 sec before overhead, the white noise 
is at a level of 64 db; the 2nd-stage fundamental actually 
reaches the same level at this point before it falls off again, 
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Fig. 16 — Analysis of noise variation with time 
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to be succeeded by the very rapid rise in the 1st stage 2nd 
harmonic, which reaches a peak of 71 db at 1.2 sec after 
overhead, some 9 db above the level of the white noise at 
that moment. The double peak shown in the original traces 
of Fig. 14 is clearly first a peak of the 2nd stage fundamen- 
tal and then a peak of the 1st stage 2nd harmonic. 


DIRECTIVITY - The fact that this white noise and these 
discrete frequency noises rise and fall at different rates, and 
peak at different times, suggests that they have quite differ- 
ent directivities. Part of this effect is, however, due to the 
rapid variation of atmospheric attenuation with frequency at 
high frequencies. Measurements on an engine running stat- 
ically on the ground at these approach rpm show that it is the 
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noise in front of the compressor, within +30 deg of the en- 
gine axis, which is the loudest, both for the white noise and 
for the discrete frequencies. But as the aircraft flies over- 
head this noise has to traverse a long path before it reaches 
‘the observer on the ground and suffers considerable attenu- 
ation, 

It is therefore very difficult to correlate reliably the noise 
heard in front of the compressor from an aircraft flying over- 
head with that from an engine running on the ground, How- 
ever, it is the noise radiated around 90 deg to the engine 
axis, to be exact between about 60 deg and 120 deg to the 
axis, which is most important to the observer, and this gives 
a much more satisfactory correlation. Fig. 17 shows the oc- 
tave analysis of the noise measured at 90 deg to the engine 
axis from one engine in the Canberra while running on the 
ground at the same rpm as used in flight. The noise was ac- 
tually measured for one engine at 100 ft distance and has 
been corrected to the 500 ft altitude of the flight tests by 
inverse square law plus an extra attenuation in db per thou- 
sand ft of 0.0, 0, 172, 1-1/2, 47°79, T2sdb respectiverty in 
each of the standard 8 octaves (6), and then increased by 3 
db for two engines, This is the full line on the graph; the 
points are the noise levels at this angle (that is, at 1/2 sec 
after overhead) from the flight tests, and are the mean of 
four runs of the aircraft at this rpm, It can be seen that both 
the noise level and the variation with frequency are in ex- 
tremely good agreement. 


CALCULATION IN TERMS OF COMPRESSOR CHARAC- 
TERISTICS - It seems, therefore, that there is no mysterious 
difference between the approach noise from the aircraft in 
flight and that from an engine running on the ground. 

We have therefore attempted to account for this noise in 
terms of the characteristics of the compressor concerned. 

White Noise - The white noise could be produced by the 
shedding of vortices from the blades. It must then be largely 
a function of the work done on the air in its passage through 
the blade row. The noise should therefore be a func- 
tion of M A T where M is the mass flow through the engine 
and A T the temperature rise through the stage of blades under 
consideration, It seems reasonable to assume for this white 
noise that we need only consider the 1st stage of the com- 
pressor, since we have found that the white noise produced 
by one jet at any rate will completely shield that produced 
by another behind it, and something of the same sort of me- 
chanism may be well taking place here. There is in fact 
a formula derived from measurements on ventilating fans (7) 
which can be expressed as: 


Space average S.P.L.c. (MAT) ° x (M,AT)/B9-27 
(2) 
where: 
B = Number of blades 
We have used this expression to predict the space average 


white noise for certain Avon and Conway engines at a dis- 
tance of 50 ft away, over a range of rpm. The calculations 
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are of course quite elaborate, involving detailed knowledge 
of the compressor characteristics, and the results are shown 
as the lines in Fig. 18. The formula has been used to give 
the variation of noise only; the absolute level has been ar- 
bitrarily fixed to agree with the 8100 rpm point for the Avon 
(the dotted part of the Avon line is the operating range of 
rpm of the bleed valves which are open at.low rpm and clos- 
ed at highrpm). The different sets of points shown for the 
Avon are measurements made on an engine on two different 
occasions, while those for the Conway are measurements 
made on two different engines. The calculation of the space 
average S,P,L. over the hemisphere round the front of the 
engine has been carried out for only a few rpm although the 
results are available at very many different rpm. It can be 
seen that the formula predicts the variation of noise of the 
Avon extremely well; the same formula (with its constants 
chosen for the Avon) evidently predicts the Conway noise 
very closely also, both its variation and its level agreeing 
well with the measured points, although there are signs of 
departure from the predicted line at the bottom end of the 
rpm range, The excellent agreement with the Avon results, 
in spite of a very discontinuous variation with rpm, is suffi- 
cient to discount any suggestion that this noise might be com- 
bustion noise, rather than compressor noise. 


Discrete Frequency Components - For the discrete fre- 
quency noise we have drawn an analogy with propeller noise 
as calculated by Gutin for the dipole noise due to the lift of 
the blades. Gutin's formula as quoted by Hubbard (8) can 
be reduced to the form: 


Space average S.P.L. & M2n AT/D@(1-r2)2 (3) 


where: 

Stage efficiency 
Tip diameter 
Hub/tip ratio 


a lS} S 
ath 


In obtaining this formula we have been able to replace 
the Bessel function term in the original expression by a con- 
stant, which means that we are left with no way of distin- 
guishing between the levels of the various harmonics of the 
noise. As a first step, therefore, we have examined how this 
formula predicts the variation of fundamental frequency noise 
from the compressor. 


On Fig. 19 the lines show the predicted variation in space 
average S,P.L. for the 1st and 2nd stages of the Avon com- 
pressor, the constants being chosen to agree reasonably well 
at the top end of the rpm scale for the Ist stage. For the 2nd 
stage an arbitrary reduction of 5 db®* has been applied over 
the whole rpm range. The measured points on Fig. 19 have 
been extracted at the appropriate frequency, and it can be 
seen that the prediction of the 1st-stage noise is very good, 
but that of the 2nd stage is poor at low rpm. A similarcom- 
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Fig. 18 —Comparison of measured and estimated compressor 
noise — white noise 


parison has been made on Fig. 20 for the 1st and 2nd stages 
of the Conway (the calculations being made using the con- 
stants chosen for the Avon). Again it can be seen that both 
the level and the variation of noise for the 1st stage is pre- 
dicted quite well, and again that of,the 2nd stage is reason- 
able except at the low rpm end. 

These two attempts to correlate the approach noise of our 
engines with their compressor characteristics are so far quite 
encouraging. As far as we know, these are the only two 
sources of noise which are significant in our engines, but 
it seems likely that there is at least one other type of 
noise which can occur. This can be described as a '‘siren' 
produced by the pressure field round each com- 
pressor blade being driven past an obstacle such as a sta- 
tor blade at very high rotational tip speeds, This would of 
course be a discrete frequency noise at the same frequency 
as the lift noise described above, and would be expected to 
rise particularly rapidly in intensity at highrpm. The Avon 


noise, 


*The justification for this is that the analysis of the flight 
tests shown on Fig. 16 gives an average level for the 2nd 
stage fundamental relative to the 1st stage fundamental (al- 
lowing for the variation in attenuation with distance of the 
frequencies concerned) of -2 db. On the other hand, the 
calculation gives +3 db increase, We have therefore arbi- 
trarily assumed that noise from the 2nd stage of the com- 
pressor is attenuated by 5 db in passing through the Ist stage. 
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Fig. 19 — Comparison of measured and estimated compressor 
noise — discrete frequency component — Avon 
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Fig. 20 — Comparison of measured and estimated compressor 
noise — discrete frequency component — Conway 


and Conway results show no evidence of this type of noise, 
and we have not observed it on any of our other axial-com- 
pressor engines, This is not surprising, of course, as there 
are no large differences in the basic designs of the front stages 
of our compressors whether they are on plain jet engines, by- 
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Fig. 21 — Effect of choked intake on compressor noise 
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Fig. 22 — Effect of choked intake on noise spectrum 


pass engines or even propeller-turbine engines, only small 
variations in the parameters such as hub/tip ratio. This 'si- 
ren’ noise may, however, be important in the case of the 
adaptation of an existing engine to make it into a by-pass 
engine, where it may not be possible to avoid very high ro- 
tational tip speeds, even though the blade loadings can be 
kept quite normal by using a sufficient number of stages. 

POSSIBLE METHODS OF REDUCTION - As to what can be 
done about compressor noise, the only clue offered by the 
formulae seems to be that to reduce the noise it is necessary 
to reduce the blade loading, that is, the stage temperature 
tise, To do this in the basic design of the engine means in- 
creasing the number of stages in the compressor so that as 
usual a compromise is involved, in this case between the 
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conflicting requirements of lower noise and light weight. 

It may be possible to achieve some reduction of noise by 
lining the inlet duct with acoustic lagging, at the expense 
of weight and increased specific fuel consumption, Another 
method that has been suggested is to adjust the area of the 
inlet so that the air reaches sonic velocity at a throat through 
which the noise is not able to travel forward (except of course 
in the boundary layer). Unfortunately, this poses a severe 
mechanical problem, because this throat must have an area 
only around 1/3 of that which is normally used; the inlet 
losses corresponding to this small area at normal take-off and 
cruising thrusts would obviously be so prohibitive that, any 
mechanism must be designed to be absolutely fool- proof in 
its fail safe characteristics. 

However, there is no doubt that such a device undoubted- 
ly has an enormous effect on the noise coming out of the front 
of the engine, as has also been demonstrated by Curtiss- Wright 
Wright, Fig.21 shows the variation in overall sound pressure 
level at a point 50 ft in front of the intake at 10 deg off the 
engine axis for an Avon engine. The upper curve shows how 
the noise varies with rpm over the whole rpm range when fit- 
ted with a normal inlet. The lower curve shows the corres- 
ponding figures when fitted with an inlet with a central bul- 
let designed to choke at 4500 rpm. It can be seen that there 
is about 28 db reduction in noise under these conditions, The 
upper graph of Fig. 22 shows the 1/3 octave analysis of the 
noise at this point in the two cases, It can be seen that there 
is a reduction of as much as 20 db in the white noise, and 
nearly 40 db in the discrete frequency components. Unfor- 
tunately this spectacular reduction in noise is not achieved 
at 90 deg to the engine axis, as the lower graph of Fig. 22 
shows. At this point there is no significant reduction in the 
white noise, and, of course, the flight tests have shown that 
it is the noise transmitted in this direction which is impor- 
tant. There is around 10 db reduction in the discrete fre- 
quency components which would probably be very valuable. 


Conclusions 


Summing up, it can be said that the jet noise of the by- 
pass engine, of by-pass ratio around 1, designed tor etticient 
mixing of by-pass and hot gas streams before being discharg- 
ed to atmosphere, will be some 4 db quieter than if the two 
streams are discharged separately. As far as the compressor 
noise on approach is concerned, there is no reason for the 


noise of the by-pass engine to be any worse than that of ex- 
isting engines ot the same thrust; we are learning about the 


mechanism of this noise, and as a result we shall be able to 


reduce it though there is still a considerable amount of work 
to be done on the subject. 
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Discussion 


Discrepancy in Relation 
for Noise Generation? 


Edmund E. Callaghan 
Lewis Research Center 
National Aeronautics & 

Space Administration 


IN THE PAPER by F. B. Greatrex, there appears to be a 
discrepancy in the relation for noise generation proposed. 
Greatrex gives 


noise & Aj X core length X(Vj - Va)" (a) 


Now, core length is given from Fig. 2 as 


sie ama ie a, 
0 : 
core length = . ee ee ed 
tan Ve Vie aN 
ol Caen co 
( Vv. 


i 
(D) 


Hence, 
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noise wAj°/? XV; X(V; - V4)" (c) 
If we take the case where V, = 0 then 
Noise a Ashe vj? (d) 
which is not in agreement with the usual Lighthill relation of 
noise a Aj; V;" _(e) 
It has been well established that noise is proportional to 
Aj rather than Aj;°/%, and in fact, it is just this change 


which causes the line in Fig. 3 to agree so well with the 
data. It would appear that the use of core length in the re- 


F.B, GREATREX 


lation is not.therefore justified and some other explanation 
is required. 

The section of the paper dealing with approach noise is 
excellent and is a unique contribution to the literature. 


Author’s Closure to Discussion 


MR. CALLAGHAN is quite right in taking me to task for get - 
ting the "dimensions" wrong in my suggested relationship 
for jet noise, and I can only plead that I suggested "a re- 
lationship of the form........". Writing instead of “core 
length", the ratio "(core length)/(core length for Vg = 0)" 
puts this right without altering my argument. 

I am grateful for his kind words on the second half of the 


paper. 


The Performance of Springs 


at Temperatures Above 900 F 


ENGINEERING demands for metals to stand high temper- 
atures have also come to the spring designer. Resilient ele- 
ments for use in jet engines, rockets, aircraft wheel brakes, 
power nuclear reactors, steam plants, and a host of other 
applications are called on to sustain elastically stresses at 
elevated temperatures with little or no creep or stress relax- 
ation, As the ambient temperatures increase, the problem 
becomes increasingly difficult. Zimmerli and Woods' (1)* 
work anticipated many of the automotive industry's demands 
by reporting spring data at temperatures up to 650 F. Matters 
and Lochen (2) added information on some high temperature 
alloy springs up to 1400 F. The most widely used data source 
published to date for high temperature spring designers is a 
Technical Bulletin of the International Nickel Co. (3) A 
brief discussion of the phenomena involved in the behavior 
of high temperature springs was given in an article in the 
Mainspring (4). 

The analysis of spring failure at elevated temperatures 
is not a simple matter. For the purpose of this discussion, 
simple helical compression springs will be considered, al- 
though many of these remarks will apply to other configur- 
ations. The spring is basically a resilient element designed 
to deliver a force over a distance. Because of space lim- 
itations, it is usually designed with as high an elastic stress 
as possible. Its loading is almost always unidirectional. At 


*Numbers in parentheses designate References at end of 
paper. 
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Ronald D. Crooks 
Associated Spring Corp. 


high temperatures spring failure is usually caused by setting 
or plastic flow, _If this setting occurs under constant load 
conditions it is called creep. Under fixed height conditions, 
setting is called relaxation. During creep the load is con- 
stant throughout, despite the shortening of the spring. In the 
case of relaxation,the load (and stress) diminish as relaxation 
proceeds. At elevated temperatures, where plastic flow may 
be appreciable, a fatigue test at constant deflection may 
cause enough stress relaxation so that the fatigue life may be 
as good or better than at room temperature, although the 
spring may actually have failed due to lack of ability to 
sustain the desired force. Consequently, at elevated tem- 
peratures excessive setting is generally the criterior for fail- 
ure. 


Setting of a Spring 


The setting of a spring under load, whether it is creep or 
relaxation, occurs in two stages. If the yield point is ex- 
ceeded, very rapid plastic flow occurs. Then, if the load 
is maintained, flow takes place on a time dependent basis, 
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Fig. 1—Stress relaxation of highly stressed spring at room 
temperature, 0.062 in. music wire spring, initial test stress 
200,000 psi 
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Fig. 2— Stress relaxation and recovery of triple heat treated 
No. 1 temper Inconel X alloy springs at 1100, 1200, and 1300 F 


at a decreasing rate. This phenomenon may be detected 
at room temperature in highly stressed springs (Fig. 1), al- 
though it is much more noticeable at elevated temperatures. 
This second stage of setting was called by Lubahn (5) ane- 
lastic flow, and defined as"flow caused by a sufficiently low 
constant stress which is non-instantaneous and completely 
recoverable isothermally in a sufficiently longtime." Thusa 
spring cold set to a high stress level will grow or increase 
in length if its stability is upset by slightly raising the tem- 
perature or mechanically shocking it while it is unloaded. 
Similarly the spring which has been set at elevated temper- 
ature will recover a portion of the set if it is maintained at 
temperature under a lesser load or no load. 

Theoretical interpretation of this recovery is difficult in 
a spring geometry. The torsional stresses in a spring are not 
uniform through the cross-section, as are the tension stresses 
in a creep specimen. Some of the recovery of the unloaded 
spring is the recovery of anelastic flow or creep recovery as 
described by Lubahn, but some may be the flow due to re- 
lief of residual stresses which were induced by the plastic 
flow of setting. These effects are so marked in springs that 
the effect of the inducing of residual stresses, their main- 
tenance, and their relief must be considered, even at tem- 
peratu es up to 1200 F for long periods of time. A typical 
relaxation - recovery curve on a spring is given in Fig. 2 
from unpublished data of the International Nickel Co. 


W. R. JOHNSON AND R, D. CROOKS 


One of the basic difficulties in the interpretation of spring 
relaxation data is the problem of converting strains measured 
on many sizes and types of springs into comparable stress 
values, Presently the most accepted practice for helical 
compression springs is to use the formula 


S = Ke on (1) 
1 
PEP eGG 
or S=K: nD2N (2) 


where: 
S = Stress - psi 
D = Pitch diameter - in. 
K = Wahl's constant 
N = Number of active coils 
P= Load -ulb 
D = Wire diameter - in. 
F = Deflection - in. 
G = Shear modulus - psi 


Since most spring stress calculations are made using Eq. 
(2), the shear modulus G must be known at the test tem- 
perature. From practical experience, it is known that 
the curvature correction, or Wahl's factor K, does not 
make stress calculations completely consistent for all 
spring configurations. Use of a common formula by all 
concerned, however, permits comparison of test data from 
spring tests, although we do not seem to be able to translate 
the data from tension creep, creep rupture, and relaxation 
tests run on bars to spring applications, except in a most gen 
eral sense. 


Test Materials 


For operating temperatures above 900 F, most of the fer- 
rous base materials will not sustain sufficient stress, in spring 
applications, without excessive relaxation. For service above 
900 F, the spring temper materials direct-aged are not use- 
able because of excessive relaxation. One of the greatest 
problems has been getting suitable size wires of acceptable 
quality. For example, three separate samples of one wire 
alloy were obtained, each time with heavy seams which so 
lowered the spring rate that interpretation of the data was 
impossible. Since Inconel X is the most readily available 
material in a range of wire sizes, it has been used asthe bas- 
ic experimental material. The samples were No. 1 temper 
wire, aged 16 hr at 1350 F after coiling. The Haynes 25 
alloy and Hastelloy C were aged 4 hr at 1200 F after coiling. 
The S816 was heated to 1400 for 16 hr, and the Refractaloy 
26 was aged at 1350 F for 24 hr. Other high temperature 
alloys have been tested when available, including D979, 
Rene 41, and A286. Most of the wires were 0. 060 to 0.080 
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in. in diameter. 


Testing Techniques 


Test springs were coiled cold by standard spring making 
techniques. They were made of such dimensions that the 
spring index was about 7.5, the middle of the range for nor- 
mal design. The ends were squared and ground. Subsequent 
heat treatments were carried out in air furnaces after any 
cold drawing lubricants, such as lead or copper, were re- 
moved, Relaxation tests were conducted on springs by the 
nut-and-bolt method, in which the spring is measured cold, 
locked up at the test deflection between two washers on a 
nut and bolt assembly, all heated for the desired length of 
time, cooled, and removed from the assembly for retesting. 
The test deflection is determined by calculation from the 
spring dimensions and the shear modulus at test temperature, 
No allowance was made for bolt expansion in the test. Creep 
tests on springs were made by loading three springs in series, 
on a vertical arbor with a dead weight to give the desired 
stress, (Fig. 3). In this set up the variation of modulus with 
temperature did not enter into the stress calculations, Tests 
were made with a minimum of three springs at each con- 
dition. Control tests showed that the total cumulative re- 
laxation of a spring was unaffected by temperature cycling. 
That is, a spring relaxed as much in a continuous 400 hr test 
as it would in a series of tests whose cumulative time, under 
load at temperature, was 400 hr. 

A simple material evaluation test was developed, using 
a modified wire torsion tester developed at the Associated 
Spring Co. (Fig. 4). In this tester a straight length of 
the test wire is twisted through a predetermined deflection, 
corresponding to the desired stress, and heated while fixed 
in position. Measurements of the set are made periodically 
by releasing the load and checking the deviation from zero 
under no load at temperature. These measurements must 
be made immediately after load release, because recovery 


Fig. 3— Dead weight loading fixture 
for creep tests and bolts 
for relaxation tests 
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Fig. 4 — High 
temperature wire 
torsion tester 


starts at once at the test temperature. This equipment is use- 
ful for quick material evaluation tests, since short lengths 


of wire can be tested and the sample does not need to be 
cooled for each measurement. Data obtained on springs by 
the nut- and- bolt method involve measurements at room tem- 
perature where no recovery can occur. The experimental 
differences that can arise between tests, in which relaxation 
data are measured at test temperature and at room temper- 
ature, can be appreciable if this phenomenon of recovery is 
overlooked. 


Test Results 


The test data for relaxation and creep are presented as 
a percent of load loss with time forgiven test conditions of 
stress and temperature. This load loss figure actually re- 
presents a loss of deflection, but the two are directly pro- 
portional, The set in inches (or degrees for the wire tension 
tester) divided by the test deflection, times 100 is reported 
as the percent load loss, The data are plotted on a semi- 
logarithm basis against the log of time at temperature. 

Some data obtained on the wire torsion tester are plotted 
in Fig. 5. Note that the plots are essentially straight lines 
on a semi-log basis. They do not go through zero relaxa- 
tion; the intercept at zero time would represent the initial 
plastic flow due to the lower yield point at the elevated tem- 
perature, A plot such as this serves as a rough ranking of 
potential spring materials under given conditions of stress 
and temperature. Note that two factors control the total 
amount of relaxation: 

1. The initial relaxation due to plastic flow. 

2. The time dependent anelastic flow. 

Some materials have shown a high initial relaxation and 
a low rate of anelastic flow, while others are just the oppo- 
site. This means that the relaxation-time data lines may 
cross, and materials which may be best for short operating 
times will not necessarily be so for longer times. This con- 
dition also changes with operating temperature, so thatsome 
alloys which have a high initial relaxation but a low flow 
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Fig. 5— Stress relaxation of springs and straight wire speci- 
mens at 1000 F, initial stress 40,000 psi 
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Fig. 6 — Creep versus stress relaxation in Inconel X alloy springs 
tested at 1000 F and initial stress of 40,000 psi (No. 1 temper 
Inconel X aged 1350 F, 16 hr) 
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Fig. 7 — Stress relaxation of springs of Inconel X alloy at 1100 
and 1200 F (No. 1 temper Inconel X aged 1350 F, 16 hr) 
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rate may look increasingly better as the test temperature is 
increased, 


Creep or Relaxation - Fig. 6 isa plot of creep and re- 
laxation on the same type of spring, with the same initial 


’ stress. Both are losing load at a constant rate on a semi-log 


time basis, but the rate of load loss is appreciably higher under 
conditions of creep or constant load. Because of test diffi- 
culties with creep loading, most of the subsequent tests have 
been run as relaxation tests. 

Relaxation Data - Figs. 5 and 7 represent the relaxa- 
tion of various spring materials at temperatures of 1000 F 


through 1200 F. In Fig. 5, at 1000F, the alloy Haynes 25 
shows a low initial relaxation but a high rate of anelastic flow. 
Thus, springs made of this material are poorer than those 
of Inconel X at longer test times. This condition is the same 
at temperatures below 900 F, but reversed above 1000 F. 

Relaxation and Recovery - Fig. 8 shows relaxation and re- 
covery data obtained by alternately loading and unloading 
springs and wire torsion samples at temperature. These tests 
were run in an Instron tester fitted with a furnace (Fig. 9). 
The significant point here is the tendency of a spring to re- 
cover anelastically after a loading period. This effect is 
the basis of a spring treating process known as heat setting, 
in which a spring is over-loaded at temperature for a short 
time to impart a tendency to grow or resist a lower load at 
tem perature. 

Effect of Heat Setting - One of the "tricks of the trade" 
of the spring maker is heat setting, in which a spring is load- 
ed and heated to a temperature higher than the desired op- 
erating temperature, In this process the spring sets, but it 
is made initially longer than desired, so that after heat set- 
ting the spring is of the desired dimensions. This operation 
removes the initial plastic flow from the spring, and, further- 
more, builds up a favorable residual stress pattern in the spring 
to resist further setting. Such a heat set spring will with- 
stand relaxation markedly better than a non-set spring. Cold 
setting has no such beneficial effect on relaxation. 

In fact, a drastically heat-set spring will actually gain 
load, and exhibit recovery or negative relaxation, during 
test under load, if the heat-set time, temperature, and stress 
have been sufficiently high as compared with service stress 
and temperature. Of course, if a heat-set spring is unloaded 
at temperature, it will recover rapidly. The heat setting 
process is thus best for a steadily load spring, and not for one 
intermittently loaded, although some gain may be expected 
due to the allowance for the initial plastic flow. 

One of the unexpected results of this series of tests has 
been the discovery of the fact that the beneficial effects of 
heat setting are transient. The heat set springs (F igs. 10-12), 
show in most cases some slight initial recovery, then a period 
of no relaxation, and finally a period in which relaxation 
begins and proceeds at a rate equal to the rate of relaxation 
of a non-heat-set spring. In other words, the period of sta- 
bility conferred by heat setting is not indefinite. It may last 
from a few hours to almost a thousand, but ultimately re- 


PERFORMANCE OF SPRINGS AT TEMPERATURES ABOVE 900 F 329 


dass he salir [tons] A 


Spring Datq 


a 


| 


- % Luau Loes 


Relaxation 


{ 
| 
104 


| 
| 


fan Ie 
ye ‘Se 
C) — 


0 


TIME- MINUTES 


: ; Fig.9— Setup for measuring spring relaxation and recove 
Fig. 8 — Stress relaxation and recovery of Inconel X alloy springs continuously 2 : i 
and straight wire samples at 1000 F (No. 1 temper Inconel X 
aged 1350 F, 16 hr) 


laxation begins as if there had been no heat setting. The 


heat treatment 
#1 Temper Inconel X - 1350F - 16 hr 


In the range of temperatures, stresses, and time used in 
these tests, Inconel X, No. 1 temper, appears to be the best 
of the commonly available spring materials, although one 
sample of Refractaloy 26 has given better results, particu- 
larly as the temperature goes up. Unpublished data of the 
International Nickel Co. have indicated that spring temper 
Inconel X given the triple heat treatment of 2100 F for 2 hr, 
plus 1550 F for 24 hr, plus 1300 F for 20 hr may be expected 
to give comparable results at these temperatures. However, 


this heat treatment must be applied to already coiled springs, 
necessitating supporting arbors. Tests are being run on this Fig. 11 — Stress relaxation of heat-set springs at 1100 F 
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type of heat treatment. 


Time - Hours 


Fig. 12 — Stress relaxation of heat-set springs at 1200 F 


W. R. JOHNSON AND R, D. CROOKS 


References. 

1, F. P. Zimmerliand W. P. Wood, "Effect of Temper- 
ature on Endurance Limit and Relaxation of Spring Ma- 
terials", SAE Transactions Vol. 62, 1954, 557-565. 

2. R. G. Matters and R. E. Lochen - “Materials for Heli- 
cal Compression Springs for Use at Constant Deflection from 
600 to 1400 F", Proceedings of ASTM Vol. 56, 1956. 

3. IncoNickel Alloy Helical Springs, Technical Bulletin 
T385, International Nickel Co., May 1955, 

4, "High Temperature Springs", The Mainspring, Asso- 
ciated Spring Corp., Spring 17, Coil 3, October-November 
1957, 

5. J. D. Lubahn "The Role of Anelasticity in Creep, 
Tension, and Relaxation Behavior", Transaction of the ASM., 
Vol. 45, 1953, 787-838. 


Secondary Power Systems 


THE MOST EFFICIENT means known today for converting 
heat energy into shaft power is a turbine or reciprocating en- 
gine. The Rankine vapor cycle would probably be used, al- 
though in some cases, Brayton and Stirling cycles may be 
considered as possible alternates, 

Ambient temperatures have considerable influence on 
earth powerplant performance. The condenser is cooled by 
water or air, and temperature and pressure of the vapor are 
directly related to the environment. In space, the vapor 
is condensed by transferring its heat to space by radiation, 
and the pressure and temperature are controlled by the radi- 
ator area and the other factors influencing radiation heat 
transfer. 

For a space vehicle, the powerplant weight is a signifi- 
cant item and must be reduced to a minimum. If the heat 
energy for a given plant is assumed, as indicated in Fig. 1A, 
to come from a nuclear reactor, the reactor weight is esserr- 
tially constant for a wide range of energy output. With the 
exception of the radiator, the other components are more 
or less fixed in weight when power output is specified. Thus 
the radiator is the only item which can be altered for a sig- 
nificant change in overall system weight. Further, it is ex- 
pected that weight of the radiator will depend largely onthe 
effective radiator area. The conditions for obtaining min- 
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imum radiator area are therefore important features in con- 
trolling powerplant design. 

A method for analyzing cycles to obtain minimum radi- 
ator area has been developed (1)*. This method is applic- 
able to one class of fluids used in the Rankine cycle and was 
employed in obtaining a comparison of mercury and rubi- 
dium. Other work pertaining to the same subject and adopt- 
ed for a limited number of other fluids is presented in Ref. 
(2). Since the publication of these reports, NASA has ana- 
lyzed space powerplants and has proposed the use of sodi- 
um as a working fluid (Ref. 3). Ref. (4) proposes the use 
of sulfur for a small space powerplant, and still others have 
suggested potassium. For these reasons, methods for ana- 
lyzing the fluids and predicting their performance are com- 
bined here into a single source for easy reference, 

A portion of the work in the analysis presented in this pa- 
per is directed toward analyzing cycles and fluids to obtain 
minimum radiator area. Also, other physical character- 
istics such as vapor volume, pressure, and quality are ana- 
lyzed and comparisons are made for the more promising flu- 
ids. Because Ref. (1) demonstrates the fact that superheat- 
ing rubidium vapor has little effect on optimum turbine ex- 
haust temperature, and because the other liquid metals be- 
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Fig. 1 — Theoretical cycles for type a and type b fluids 


have in a similar manner, no analysis is presented here for 
the superheat cycle. It is desirable to maintain dry ornear- 


ly dry vapor at the turbine inlet,and therefore, because a 
fluid comparison is being made, only the basic direct cycle 
illustrated in Fig. 1A was analyzed. 


In performing this analysis, two classes of fluids are en- 
countered, The fluids for which direct parameters for fluid 
performance are derived have been designated as Type a 
fluids. Unfortunately, not all fluids can be analyzed by 
these parameters, and individual analyses are required. For 
convenience, the latter fluids have been designated as Type 
b fluids. A recent publication (Ref. 5) contains much of 
the information needed for all these analyses. 


Rankine cycles using saturated vapor at the turbine inlet 
for the two classes of fluids (Types a and b) are illustrated 
in Fig. 1. The conditions of the expanding vapor in anideal 
prime mover are shown by the portion of the cycle between 
points 1 and 2. For Type a fluid, point 2 is in the “wet” 
region, and the temperature at point 2 is equal to the sat- 
urated liquid temperature at point 3, For Type b fluid, the 
vapor expands in the superheat region, and the temperature 
of the vapor leaving the ideal prime mover exceeds satura- 
tion temperature. Also, the rejection of heat from the cy- 
cle from points 2 to 3 is at constant temperature for a Type 
a fluid but at partially varying temperatures in a Type b 
fluid. A fluid exhibiting Type a characteristics can be ana- 
lyzed by the method demonstrated in Ref. (1), while a fluid 
with inherent Type b properties requires a lengthy, indepen 
dent analysis, Possible working media for space powerplants 
include the fluids shown in Table 1, 
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Cycle Analysis 


Type a Fluids’ = To establish useful parameters, it is 
convenient to consider the three cycles shown in Fig. 2: 

1, Carnot cycle. 

2. Ideal fluid cycle. 

3. Actual liquid-vapor cycle. 

The performance of the Carnot and ideal fluid cycles is 
easily predicted. In the Carnot cycle, heat is added to a 
working fluid as it changes from state 4to 1. (See Fig. 2A.) 
Work is then extracted from the fluid while passing from 1 
to 2, and heat is rejected along the line shown as 2 to 3. 
The work done by the fluid in passing through the cycle is 
equal to the shaded area Wc, and the heat rejected per cy- 
cle is shown by the areaQ,. The heat added is equal to the 
sum of the areas Wg and Q,. 

If the ideal cycle is modified to include only inefficien- 
cy effects in the prime mover, the cycle shown in Fig. 2B 
results. Here, the fluid expands in an inefficient engine 
from state 1 to 2 along an irreversible path shown witha dot 
ted line. The result of this inefficiency is to increase the 
size of the heat rejection area Q,, with the increase at the 
expense of the work cycle. The actual work is less than the 
ideal work. The portion of the cycle from 3 to 4 is iden- 
tical to that of the Carnot cycle in which no external heat 
is addedto the fluid during the change of temperature from 
3to 4. Thus, if the fluid were a liquid, its specific heat 
would be equal to zero. A liquid specific heat equal to zero 
is the basis used here for defining an ideal fluid. 

The actual liquid-vapor cycle takes into account actual 
fluid properties as well as an inefficient prime mover. [1 
an ideal expansion process is assumed as a limiting case, 
this cycle would conventionally be classed as a Rankine cy- 
cle. If attention is confined to the particular case where 
the vapor enters the turbine in a dry and saturated condi- 
tion, then the cycle for a number of fluids can be drawn as 
shown in Fig. -C. The difference between this cycle and 
the ideal fluid cycle is that heat is added to the liquid along 
the path between 3 and 4, at which time the liquid is heat- 
ed to the boiling point. Continued heat beyond this poiat 
is at Constant temperature, and the liquid is converted to 
100% vapor when point 1 is reached. The effect of having 
an inefficient fluid is shown by the area Wtheo being small- 
er than the area Wc, represented by the rectangular area 
shown for the ideal cycle. The heat added to the fluid is 
also reduced to a smaller degree, but a larger portion of the 
added heat ends up in the rejected heat area, Q;. An in- 
efficient prime mover further reduces the output energy and 
again adds its waste energy to the rejected heat. 


In the optimization of a cycle and selection of the best 
fluid, the actual cycle thermal efficiency is of paramount 
importance, In its most useful form, it is expressed in terms 
of the fluid temperatures at the prime mover inlet and exit. 
For the Carnot cycle, this efficiency can be expressed as 
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ee (1) 


and for the ideal fluid cycle as 


n= (- 2) (2) 


When an actual fluid cycle is considered, the equation 
for thermal efficiency becomes more complicated and an 
evatuation of an actual fluid cycle is needed, Referring to 
Fig, 2C, the energy available as work in the cycle is equal 
to the area designated Wtheo, whereas in the Carnot cycle 
this area would be the rectangular area Wc, shown in Fig. 2A. 
Points 1 and 3 of the actual cycle must coincide with points 
1 and 3 for the Carnot cycle. The relationship or ratio of 
the two areas can be defined as a work factor f or 


Wtheo 


We 


iv (3) 


The thermal efficiency of any actual heat cycle can be 
written as 


_ Output WWa wWa 


= ae oS ee ee (4) 
Input WwQa  wWwQp + WWa 


The actual work output is the product of the theoretical- 
ly available work, times the turbine Rankine efficiency, or 


Wa = "t Wtheo (9) 


Combining Eqs. 3 and 5, 


ee Se (6) 


Substituting values from Eq. 6 into Eq. 4, 


Paige Vc 
of aa ad Ba 7 
L On tere, Wa (7) 
The work trom the Carnot cycle is 
= = = 8 
Wo = (T1 - Ty) (Si > Sa) (8) 


The heat rejected from the actual cycle is equal to the 
amount lost from the ideal cycle plus the amount made un- 


available by the inefficient prime mover, or 


Oman (cio Saris Dy) afaWic (9) 


Combining Eqs. 7, 8, and 9, 


f ny (Ti ~ T2) (Si - S4) 
1* To (Sp> 84) +f (1 ~ 0) (Ty - TQ) (Sy ~SQ) + £7; (T1 - Ta) (81 - Sa) 
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After simplication, 
ect (11) 
Ty + (Tr Ts) f 
This can further be reduced to 
1 = MT "theo (12) 
where 
Ntheo ~ (13) 


It should be noted that the theoretical efficiency express 
ed by Eq. 13 depends only on the temperature ratio and the 
value of f and plays a key role in predicting thermal effi- 
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Table 1 - Possible Working Media for Space Powerplants 


Type a Type b 
Water Diphenyl 
Ammonia Dowtherm A 
Mercury Sulfur 
Rubidium Aluminum bromide 
Sodium Large number of hydrocarbons 
Potassium 
Cesium 


(10) 
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ciency. 
An alternate form for thermal efficiency can be obtained 


by combining Eqs. 12 and 13, From these equations, the 


efficiency can be written as 


(14) 
Further, if a substitution is made wherein 
al 
geaag Too (15) 
then 
(16) 


A convenient method for the evaluation of the work fac- 
tor f has already been published (1), and an equation for ob- 
taining the numerical value was given as 


T2 
h Ta 
fg1 1 
il ae 1 — 
, CT) i] ue} (1 Z ; 
Ty 
{= au) 

ral T2 

cr, ° 

1 1 


The term Neoy /C Ty in Eq. 17 is aneasily determined 
parameter expressing the fluid properties, and is designated 
here as a fluid parameter. Eq. 17 also shows that the work 
factor f for saturated vapor at the entrance to the prime 
mover is only a function of the temperature ratio T/T and 
the fluid parameter hegy/ C Tj. A high value of the fluid 
parameter for a given temperature ratio will result ina high 
value of the work factor f. Thus, a fluid parameter of high 
value is a desirable property because high values of f yield 
high thermal efficiencies. This convenient parameter can 
be used to evaluate the performance of a fluid in the Ran- 
kine cycle, 

For certain types of analyses, it is desirable to express 
efficiency as a product of three terms: 

1. Efficiency of the Carnot cycle, 

2. Efficiency of prime mover. 

3. Fluid efficiency factor n¢ which takes into account 
deviations due to the cycle and working fluid. 

With these notations, Eq. 12 becomes 


eS celta Rs (18) 


The value of n¢ can be found by combining Eqs. 1, 12, 
13, and 18. 
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Fig. 3 — Fluid parameters for type a fluids 


Ne = (19) 


Eq. 19 is basic for the evaluation and comparison of fluids. 

Having established a set of equations for evaluating fluids, 
it is now possible to apply them to real fluids. Figs. 3-7 
show a number of relationships existing between the fluid 
parameter, temperature, and cycle thermal efficiency. 

Fig. 3 shows fluid parameters for a number of possible 
fluids. The highest values were obtained for sodium. Many 
fluids have lower values, but no fluids with parameters be- 
low that of mercury are shown. Water, for example,has a 
value of only 0.593 at a temperature T; of 1000R. It ap- 
pears that the iiquid metals (i.e., sodium, potassium, ru- 
bidium, cesium, and mercury) stand in a class by them- 
selves, with high-value fluid parameters. The values shown 
for the fluid parameters are lower at higher temperatures, 
In fact, the fluid parameter becomes zero at the critical 
temperature, This is due to two factors, both of which pre- 
dict a zero value. The latent heat is equal to zero, andthe 
specific heat of the liquid is equal to infinity. Thus, as 
higher temperatures are used in the prime mover, fluids of 
higher critical temperatures will be needed. 

To study the effects of fluid parameters on the work fac- 
tor f, the relationship shown by Eq. 17 was plotted in Fig. 
4, As stated previously, high values for f are obtained with 
high values for the fluid parameter. Also, as shown, the 
value of f decreases with a reduction of the temperature ra- 
tio. Values of f in excess of 0.9 are attainable over a wide 
temperature ratio for all of the liquid metals shown inFig, 3. 

The work factor f is related to thermal efficiency as shown 
by Eqs. 11 and 13, The useful curves of Fig. 5 were ob- 
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tained from Eq. 13. Thermal efficiency is highest for val- 
ues of f approaching 1, Because a value of 1, 0 is attainable 
only with the Carnot cycle, this line is the maximum value 
attainable for any cycle. It has been demonstrated thatra- 
ther high values are possible from the liquid metals. There- 
fore, values within 2 to 3% of the Carnot cycle are possible 
for the theoretical cycle, 

Another extremely useful curve can be obtained by cross 
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plotting the data of Figs. 4 and 5 to eliminate the work fac- 
tor f. However, better accuracy was obtained in this study 
by using arbitrarily assumed values of the fluid parameter, 
These values were substituted into Eq. 17, and the value of 
f was computed for a number of arbitrarily selected tem- 
perature ratios. The resultant values of f were then substi- 
tutedinto Eq, 13. By using the selected temperature ratios, 
the ideal thermal efficiencies shown in Fig. 6 were computed. 
The ideal thermal efficiency can be quickly obtained with 
these curves. Further, if actual efficiency is desired, this 
too can be easily obtained by using Eq. 12, 

The thermal efficiency was also expressed by Eq. 18, 
wherein the value of N¢ was given by Eq. 19. However, to 
obtain a set of curves in the most useful form, values of f 
were evaluated by Eq. 17 for assumed temperature ratios. 
These temperature ratios and the computed values of f were 
substituted into Eq. 19 and the value of efficiency factor 
Nf computed, The data obtained from Eqs. 18 and 19 were 
then plotted for convenience on Fig. 7. As shown, the val- 
ues of N¢ approach 100% for all fluid parameters at a tem- 
perature ratio of 1, and are greater than 90% for all tem- 
perature ratios shown when the liquid metals are used in the 
Rankine cycle, These efficiency factor values are remark- 
able and point to the futility of attempting to improve pow- 
erplant performance by using a binary fluid or a regenera- 
tive cycle, 

To further demonstrate cycle performance, a specific 
case is considered, Assume a rubidium powerplant is oper- 
ating at 1800 R with a temperature ratio T2/T 1 equal to 


0.75, From Fig. 3, the fluid parameter hggi/C T, equals 


2,243, Applying this value to the curvesofFig. 7, the val- 
ue of N¢ is found to be equal to 94%. In other words, the 
Carnot efficiency is reduced by a factor of 6% due to the 
use of a Rankine cycle with rubidium as a working fluid. It 
does not seem justifiable to complicate the cycle when an 
improvement of only 6% is theoretically possible. 

Type b Fluids - It is possible to compare the perform- 
ance of Type b fluids by establishing efficiency curves for 
each fluid, or by use of a fluid efficiency factor Nf as es- 
tablished for Type a fluids. The latter factor can be ob- 
tained by combining Eqs. 12 and 18, or 


_ theo (20) 


Nf Ne 


Accurate theoretical efficiency is not easily predicted 
for Type b fluids because of the lack of information on the 
fluid properties. However, the available data were ana- 
lyzed and the results compared, 

The fluids analyzed include diphenyl, Dowtherm A, alu- 
minum bromide, and sulfur. The first three were consid- 
ered because of their relatively high thermal stability, and 
sulfur was considered because it is an element with favor- 
able vapor pressure characteristics. The thermal efficien- 
cies of Dowtherm and diphenyl were obtained by planime- 
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tering the areas on the diagrams presented in the appendix 
of this paper, and the results are shown in Figs. 8 and 9. 

Reliable data were not obtainable for sulfur. The tem- 
perature-entropy chart (Fig. A-4 of the appendix) should be 
regarded as approximate because the areas planimetered do 
not agree with the available energy data taken from the same 
datasource, To approximate the thermal efficiency, sulfur 
was regarded as though it were a Type a fluid, and an ap- 
proximate loss due to the area in the superheat region was 
determined from Fig. A-4, For a temperature ratio of 0s 75, 
an approximate correction of 14% in the value of nf was ob- 
tained. Smaller corrections should be used if larger tem- 
perature ratios are considered. 

A similar but less extensive analysis was made for alu- 
minum bromide using the data of Ref. 5. However, for this 
fluid, the data for the fluid in the superheat region is un- 
satisfactory for computing the conditions of the fluid. Be- 
cause the saturated vapor curve is nearly vertical, however, 
the loss of energy in the superheat region appears to be much 
smaller than was found for sulfur. An approximate reduc- 
tion of 5% in the value of N¢ was assumed for this fluid when 
the temperature ratio T3/T1 is equal to 0. 75. 

As a final comparison, values of the fluid efficiency fac- 
tor Nf were computed at a temperature ratio of 0. 75 for a 
number of Type a and Type b fluids. The results are pre- 
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sented in Fig. 10, The values shown for sodium, potassium, 
rubidium, and mercury fall in a narrow band between 94 and 
97%, Sulfur, aluminum bromide, Dowtherm A, and diphenyl 
have much smaller values. Considering only the last four 
compounds, aluminum bromide has the highest efficiency 
(approximately 76% at 1100 R). The values on the curves 
for aluminum bromide, Dowtherm A, and dipheny] fall quite 
rapidly as the temperature Tj increases, showing the severe 
limitations of the Type b fluids analyzed. 

Sulfur has another adverse thermodynamic property which 
should also be noted. The molecular structure is not con- 
stant, but changes from one form to another depending upon 
such factors as temperature, pressure, and time of exposure 
to the environment. Sulfur is known to exist as Sj, S2, 
Sg, and Sg forms, or as mixtures of these depending upon 
conditions. This peculiar characteristic makes difficult the 
establishment of equilibrium fluid properties and the pre- 
diction of the performance ofsulfuy in an actual prime mover. 

The data of Fig. 10 point out the shortcomings of using 
any fluid except those in the liquid metal class, If the other 
fluids are considered for any reason, then modifications such 
as employed in a steam powerplant should also be consid- 
ered. The use of liquid heating by the extraction of vapor 
from the turbine or by the use of exhaust vapor from the 
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prime mover will improve cycle performance, Without such 
improvement, the efficiency will be very low. 


Powerplant Radiator Area 


An equation expressing the radiator area can be obtained 
by modifying Eq. 4. The product, w Wa, is the Btu equiv 
alent of a kw-hr of work. By substituting its numerical val- 
ue, Eq. 4 becomes 


ee 3413 oh 
~ wQ, + 3413 ae 


When Eq. 21 is solved for the heat rejected per kilowatt 
of power produced, 


’ 1 
wre va ($ - ) 


It can be assumed in a heat-power cycle that the tem- 
perature level in the radiator will be high enough that cel- 
estial radiation would have little effect on the radiator sur- 
face temperature. Even radiation from the sun (430 Btu/(hr) 
(sq ft) at the earth's mean orbit) can be largely reflected 
from a normal white surface with little effect on the ability 
of the radiator to dissipate heat at the radiator temperature. 
Therefore, this source of heat was also omitted from the cak 
culations. Neglecting the small temperature difference be- 
tween the working fluid and the outer wall, the heat reject- 


(22) 


ed from the cycle is 


W Qy = Cy Ae To# (23) 


where 


Cy = (& +€b)o (24) 
in which Cy is a constant for computing the heat radiated 
from a unit of radiator area, 

The constant Cj, as defined in Eq. 24, takesinto account 
the teat transfer from two sides of a heat exchanger. How- 
ever, Eq. 24 is easily adapted to a configuration which emits 
heat from one side only. It is only necessary to retain the 
surface emissivity of the radiating surface and to equate the 
emissivity of the other surface to zero when computing the 
value of C;. The value of the effective area is related to 
the physical size of the radiator (i.e., width and length). 
In the case that extended areas of nonuniform temperature 
are considered then the actual area can be converted to an 
effective area of uniform temperature equal to T9, Sub- 
stituting values from Eq. 23 into Eq. 22, and solving for the 
area. 


(25) 
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Eq. 25 is basic to all direct cycles. 
The radiator area for a Carnot cycle can be readily de- 
tived by combining Eqs, 1 and 25, Thus, 


hee T2 
ECT au Tne 


_ 3413 T1 
€ Cy T9 (Ty - To) Nt 


(26) 


A | (27) 


It can be observed that Eq. 27 becomes identical with 
Eq. 26 when 7 is equal to 1.0. 

For an actual fluid cycle, values from Eq. 16 can be sub- 
stituted into Eq. 25 and the area becomes 


This important equation is basic for all Rankine cycles 
because when g is equal to 0 it becomes identical with Eq, 
27 for the ideal fluid cycle, and when 7, is equal to 1 and g 
is equal to 0 it becomes equal to Eq. 26 for the Carnot cy- 
cle. Eq. 28 can be written in an alternate form, 


(29) 


where 


-1 (30) 


The area function ) is also important. It contains only 
three variables: temperature ratio, T,/T,, turbine effi- 
ciency ,, and the fluid properties expressed by the value 
of g. However, it will be demonstrated in the next section 
that the optimum temperature ratio T9/T, is a function of 
gand ;, andthe value of therefore depends only upon 
gand ,. Eqs. 28 and 29 are basic for determining the re- 
quired radiator area. 

A mathematical equation can be derived for determin- 
ing the temperature relationship existing at the condition of 


minimum area. Differentiating Eq. 28 and simplifying, 


dAe _ _3413 : T9 (1 + g) 

71g alll 1 S 2 

dT9 C1 T, (Liss eto) 

ey Ty] @ = i) + To Gist 8) (31) 
Cee) 
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where, at minimum area, 


After making this substitution into Eq. 31 andsimplifying, 


_ 40 - 1D £5 
Sens (32) 


Solving this quadratic equation, and excluding the extra- 
neous root, 


To _ 8%, + 3g-5+ \i3g + 5) + 4g - 16 ne (g + 1) 


ie 8 (g ati ure) (33) 


Eq. 33 is an important general equation expressing the re- 
lationship between the optimum temperature ratio, the fluid 


properties, and the turbine efficiency. 

In the special case of the Carnot cycle, Nt is equal to 1 
and g is equal to 0. These substitutions into Eq. 33 reduce 
the temperature ratio to a constant value of 


ce (34) 


Ty 14 
For the ideal fluid cycle, g is equal to 0, and Eq. 33 re- 
duces to 


To _ 8m, - 5 + 25 - 16n, 


2 = Ea 35 
Ty 8 ee 


The value of the optimum temperature ratio in Eq. 35 can 

be obtained readily for any desired value of 1. 
Temperature ratios for minimum radiator area are plotted 

from Eq. 33 for a variety of work factors f as functions of 
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Fig. 12 — Relationship between work factor and fluid parameter 


turbine efficiency 7; in Fig. 11. The temperature scale is 
magnified so the curves can be read to a high degree of ac- 
curacy, as shown by the ratio changes from 0. 75 for a 100% 
efficient turbine to a maximum value of 0.776 at a 60% 
efficient turbine. 

Before the data of Fig. 11 can be used in an actual fluid 
cycle analysis, it is necessary to determine the work factor 
f of the useable fluids for this cycle. In high-temperature 
operating regions, only a few fluids can be considered. The 
more promising are elements, because most known fluid 
compounds either partially or completely decompose at tem 
peratures above 1000 F (1460 R). Even anumber of elements 
change molecular form in the higher temperature regions 
and introduce molecular stability problems. It is difficult 
to predict the result upon the turbine design, radiator per- 
formance, and even the heat source operation when dealing 
with an unstable molecular structure. The more promising 
elements are the liquid metals recommended earlier, which 
will be analyzed further. 

A set of curves relating fluid parameter, work factor, and 
temperature ratio, in a form useful for this analysis, were 
obtained by cross plotting the data in Fig. 4. The results 
are shown in Fig. 12, With the data of Figs. 1l and 12, it 
is possible to determine the optimum temperature ratio T2/ 
Tin the cycle, 

If the data of Fig. 11 are superimposedon Fig. 12, using 
the values of work factor and temperature ratio to locate the 
turbine efficiency curves, a set of data results which would 
determine the correct temperature ratio directly from the 
known values of the fluid parameters. However, the oper- 
ating range for an actual powerplant is located in a narrow 
range of temperature ratios from 0. 75 to 0. 776, 

In order to obtain a more readable scale, the data of Fig. 
12 were enlarged in the useful region and plotted in Fig. 13. 
The temperature ratio and work factor data of Fig. 11 were 
then carefully determined for a series of turbine efficiencies 
and superimposed on the expanded data. The resulting 
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Fig. 13 — Optimum temperature ratio versus fluid parameter 


curves (Fig. 13) are convenient for analyzing a fluid cycle. 
It is only necessary to establish the fluid parameter ami tur- 
bine efficiency; with these two items, the temperature ratio 
and the work factor can be easily read to a high degree of 
accuracy. 

Using the optimum temperature ratios established, the 
turbine exhaust temperatures were calculated and plotted 
in Fig, 14 for rubidium. The differences in exhaust tem- 
peratures for different turbine efficiencies are not large. 
The maximum change ranges from 40 to 75 R as the turbine 
inlet temperatures go from 1500 to 3000 R. Changes in tur- 
bine exhaust temperature are due to turbine efficiency 
changes from 60 to 100%, 


Fluid Comparisons 


Having established the optimum turbine exhaust temper- 
ature, it is possible to make physical comparisons using dif- 
ferent working fluids with a variety of turbine efficiencies, 
The more important comparisons include radiator area, va- 
por quality at turbine exhaust, volume of exhaust vapor, 
working fluid flow rate, vapor pressure, and powerplant ther 
mal efficiency. With these comparisons, a designer is able 
to make a more intelligent selection of the best working fli 
id for a powerplant. 

The radiator areas can be compared either by a general 
analysis using the area function of Eq. 30, or by comparing 
the fluids individually using Eq. 28. In applying the gen- 
eral analysis, however, the optimum temperature ratios and 
the fluid work factors were established by use of Fig. 13 for 
a variety of fluid parameters and turbine efficiencies. The 
value of g was then determined by Eq. 15 for each value of 
the work factor. The value of the area function \ was de- 
termined by Eq. 30 for the assumed values of the fluid para- 
meters and turbine efficiencies. For the case of an ideal 
fluid, the value of » is readily computed from Eq. 30 since 
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Fig. 15 — Radiator area functions 


g is equal to 9 and To/T is equa! to 0.75. In presenting 
the results, the value of was plotted in Fig. 15 for the ori- 
ginally assumed variables, 

Fig. 15 indicates that the value of X goes up as the tur- 
bine efficiency goes down. An increase in the value of A 
of approximately 55% is encountered when the turbine effi- 
ciency drops from 90 to 60%, The actual radiator area will 
increase by the same percentage; thus, the penalty resulting 
from reduced turbine efficiency is clearly illustrated. 

Values for the area function X are higher at low values 
of the fluid parameter, but the change is small. For ex- 
ample, at 60% turbine efficiency, the values of \ x 107+% 
are 1,765, 1.847, and 1, 965 for fluid parameters of a (ideal 
fluid), 4, and 1, respectively. The 1.847 and 1. 965 val- 
ues represent radiator area increases of 4 and 11% above the 
areas required for the ideal fluid cycle. At 90% turbine effi- 
ciency, slightly higher increases in are encountered. When 
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comparing liquid metals, the difference in values of \ when 
one metal is replaced by another is very small. At 80%tur 
bine efficiency for the fluid shown in Fig. 3, the increase 
in d is less than 2% when changing from the lowest to the 
highest fluid parameter. Therefore, with liquid metals, pro- 
perties other than fluid parameter (such as specific volume 
of vapor, flow rate, or pressure), will play a predominant 
role in the selection of the Fest fluid. 

Effective radiator areas required for a powerplant can be 
determined by Eq. 28 or 29. Eq. 28 was used for the work 
presented in Fig. 16 for rubidium when black body emissiv- 
ity is assumed. The effective areas, with other surface em- 
issivities, can be obtained by dividing by 1/2 the sum of 
the actual emissivities. 

Fig. 16 also shows the advantages of going to higher tur- 


4.0 


] | il 
ASSUMED CONDITIONS 
. DIRECT CYCLE 


. SURFACE EMISSIVITIES, 1.0 ————— 
. SATURATED VAPOR AT 
TURBINE INLET 


en 


2.5 


EFFECTIVE RADIATOR AREA (SQ FT/KW) 


TURBINE RANKINE 
EFFICIENCY 


0.5 


1500 1750 2000 2250 2500 2750 


TURBINE INLET TEMPERATURE (R) 


Fig. 16 — Minimum radiator area for rubidium powerplant (di- 
rect cycle) 


T; = 2000 R 


CONSTANT 
PRESSURE 


TEMPERATURE, T 
- 


“4 
o 


ENTROPY, S 
ASSUMED BRAYTON CYCLE 


BRAYTON CYCLE 
POWERPLANT WHEN 

TURBINE & COMPRESSOR 
—— EFFICIENCIES ARE EQUAL 


ASSUMED CONDITIONS 


1. SATURATED VAPOR AT TUR- 
BINE INLET FOR RUBIDIUM 
CYCLE 

2. SURFACE EMISSIVITIES, 1.0 


RUBIDIUM LIQUID-VAPOR 
CYCLE POWERPLANT USING 
SAME UPPER TEMPERATURE 


MINIMUM EFFECTIVE RADIATOR AREA (SQ FT/KW) 


50 60 70 80 90 100 
TURBINE EFFICIENCY, 7, (PERCENT) 


Fig. 17 — Area comparison for brayton and rankine cycles 


D. B. MACKAY 


bine inlet temperatures. The radiator area for a powerplant 
with an 80% efficient turbine changes from approximately 
2.565 to 0, 22 sq ft per kw when the temperature increases 
fiom 1500 to 2750 R. These curves also shcw the pcssible 
area reduction with an increase in turbine efficiency. At 
20C0 R for rubidium, the area ceduces from 1.17 to 0.83 sq 
ft per kw, or approximately 29% for a change from 60 to 807% 
turbine efficiency. 

A comparison of radiator areas for rubidium vapor cycles 
and Brayton gas cycles was extracted from Ref. (1) and re- 
produced in Fig. 17. The areas in both cases are shown to 
increase with reduced turbine efficiency, and the two cy- 
cles are equal when the turbine efficiency is 100%. How- 
ever, at lower turbine efticiency, the curves deviate mark- 
edly and show the striking advantages of the Rankine over 
the Brayton cycle. 

A comparison of the quality of vapor leaving the turbine 
when the inlet vapor is saturated is shown in Fig. 18 for li- 
quid metals. Five fluids are compared for a turbine effi- 
ciency of 80%,but only mercury and rubidum are compared 
at turbine efficiencies ot 60 and 100%, For 80% etticiencies, 
mercury has the highest quality, and progressive reductions 
are shown tor rubidium, cesium, potassium, and sodium. 
The vapor quality shown for rubidium in Fig. 18 changes 
less than 4% for an inlet temperature change of 1000 R; the 
quality change for mercury is even smaller. When com- 
pared in the same temperature range, the quality of mer- 
cury is about 1% higher than that of rubidium. For an 80% 
efficient turbine, the minimum quality for any tiluid is ap- 
proximately 82% over the temperature range considered. 
This moisture content is slightly higher than desired, but it 
does not appear to present an unreasonable turbine design 
problem. 
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Fig. 18 — Vapor quality at turbine exhaust (direct cycle) 
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Fig. 19 — Volume of turbine exhaust vapor (direct cycle) 
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Fig. 20 — Energy available from rankine cycle (direct cycle) 


The fluid cycles are further compared in Fig. 19 on the 
basis of exhaust vapor volume. The comparison required 
5-cycle semilog paper in order to include a reasonable range 
for the fluids being considered. The wide differences in 
fluid characteristics provide the best criteria for fluid se- 
lection. 

The volume of mercury vapor, much smaller than the 
other fluids, is approximately 1% of the volume of rubid- 
ium vapor, At 2000R, for a turbine efficiency of 80%, the 
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volume of sodium vapor would be 950 times that ot rubi- 
dium vapor. The exceptionally high volumes presented by 
cesium, potassium, and sodium eliminate these fluids trom 
consideration in the temperature range now attainable, Even 
the volume required for rubidium vapor will dictate a con- 
siderably larger diameter for the turbine exhaust duct than 
that required for mercury. Due to vapor density effects, the 
increase in exhaust duct size is not directly proportional to 
the vapor volume. Rubidium, cesium, potassium, and sodi- 
um vapors are less dense than mercury vapor. The lower 
densities are primarily due to lower vapor pressures, but, in 
addition, the molecular weight of mercury is considerably 
higher than that of the other elements being considered. A 
lower density either reduces the pressure drop in the exhaust 
duct or permits an increase in vapor velocity. An increased 
vapor velocity will only partially compensate for the large 
volume increase. 

In designing turbine nozzles and blades, it is necessary 
to know the energy theoretically available in the expanding 
vapor. Fig. 20 shows a comparison of data computed for 
conditions that result in a radiator of minimum area. The 
theoretically available energy for sodium is considerably 
higher than that of any other fluid—more than 10 times the 
amount available in mercury, and more than four timesthat 
in rubidium. From a structural standpoint, the turbine for 
fluids with higher values of available energy must either be 
designed with higher blade speeds or with an increase in 
number of stages. Fewer pounds of vapor would be circu- 
lated in the cycle per unit of power output when a fluid with 
higher available energy is used. 

rig. 21 compares a number of fluids trom the standpoint 
of pressure. The vapor pressure of mercury is 50 to 100 
times higher than that of rubidium, while the vapor pressure 
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Fig. 22 — Powerplant thermal efficiency (direct cycle) 


of sodium is lower than that of the other fluids. Lower va- 
por pressure permits the use of lightweight pressure vessels 
and piping. 

The thermal efficiency of vapor cycles has been deter- 
mined over a range of fluid parameters. (See Fig. 22.) The 
data for the range analyzed falls within a very narrow band 
of approximately 1% at a turbine efficiency of 60% and in- 
creases to slightly over 2% at a turbine efficiency of 100%, 
Further, because most of the fluid parameter values shown 
lie within 2 to 3.5, the thermal efficiency for the liquid 
metals is confined to an extremely narrow band with a max- 
imum difference less than 1/2% at the maximum deviation 
conditions of 100% turbine efficiency. 

The comparisons permit a designer to assess the advan- 
tages and disadvantages of the fluids and operating condi- 
tions in order to select the best powerplant for a particular 
application. 


Conclusions 


Type a fluids are easily analyzed. The thermal efficierm 
cy of the Rankine cycle using these fluids can be readily pre- 
dicted from their fluid parameters. Fig. 3, showing the flu 
id parameter of the more promising fluids, can be used di- 
rectly with Figs, 6 and 7 to determine the ideal cycle effi- 
ciency, with Fig. 13 to establish the optimum temperature 
ratio, and with Fig. 15 to obtain the area function. Thus, 
the analysis for the Type a fluids is expected to be very use- 
ful in space powerplant design. 

No simple means for analyzing Type b fluids was found. 
However, the performance of all the fluids analyzed was far 
below that of available Type a fluids. It is therefore ex- 
pected that little additional effort will be expended toward 
using the Type b fluids. In the future, other fluids of this 
type will no doubt be proposed, and similar analyses will be 
needed at such time. Approximate results can be obtained 
by assuming Type a characteristics and establishing a cor- 
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rection factor, as was pointed out in this study when sulfur 
and aluminum bromide were considered. Fluids which are 
shown to be low in efficiency need not be considered further. 

As power producing devices, the efficiencies of the vapor 
cycles were found to be little different from those attain- 
able with the ideal Carnot cycle. Therefore, the vapor cy- 
cles analyzed are probably the most efficient means of pro- 
ducing power which can be obtained from a heat cycle. 

While it is not the object of this paper to specify the op- 
timum vapor powerplant, it is hoped that the data presented 
here will enable designers to evaluate critical parameters. 
This study shows that some liquid metals possess properties 
desirable for working fluids in a heat power cycle. Mercury 
seems best suited for low temperatures, andrubidium, potas 
sium, andsodium are indicated as higher termperatures are 
considered. For turbine inlet temperatures below approxi- 
mately 1600 R, the volume of rubidium vapor leaving the 
turbine becomes exceptionally high and will probably pre- 
sent design difficulties, When temperatures above 1600 R 
are anticipated, rubidium should definitely be considered as 
a possible working fluid. At still higher temperatures, po- 
tassium anu svdium can also be considered. 


Appendix 1 — Thermal Efficiency of Diphenyl, 
Dowtherm A, and Sulfur 


The ideal thermal efficiency of a cycle using a Type b 
fluid can be determined from a temperature-entropy dia- 
gram for the particular fluid considered. This method was 
used in computing cycle efficiencies for diphenyl and Dow- 
therm A. The temperature-entropy diagrams for saturated 
vapor and liquid were taken from Refs. (7) and (8). The 
curves in the superheat region were obtained by assuming 
that the specific heat of the superheated vapor was equal to 
the specific heat of the saturated vapor. The gain in en- 
tropy over a chosen temperature range was then computed 
from the relationship 


AS = Cp log, = (A-1) 
where 
AS = Change of entropy 
T, = Upper temperature assumed 
To = Lower temperature assumed 
Cp = Average specific heat of saturated vapor over 
the range T, to Tyg 


The method for determining the thermal efficiency can 
be explained by referring to Fig. A-1. The cycle thermal 
efficiency is defined as the ratio of the area for the revers- 
ible cycle divided by the area under the curve for the heat- 


ing portion of the cycle. Referring to Fig. A-1, this can 
be written as 
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The areas for Eq. A-2 were determined for dipheny] and 
Dowtherm A from Figs. B and C_ by planimetering the 
desired areas. 
A temperature-entropy chart for sulfur taken from Ref. 
(6) is shown in Fig. D, These data were used for predict- 
ing the performance of this element in the Rankine cycle. 
However, it should be pointed out that the areas planime- 
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Fig. D — Temperature-entropy diagram for sulfur 


tered on this chart do not agree very well with the tabula- 


tions presented in the same reference, and Fig. D should 

therefore be regarded as approximate, 

Appendix 2 — Nomenclature 

f = Fluid work factor defined by Eq. 3 

g = Work factor term defined by Eq, 15 

hy = Enthalpy of vapor entering turbine, Btu/Ib 

ho = Enthalpy of saturated liquid at condenser tem- 
perature, Btu/1b 

hfg1 = Latent heat of vaporization at temperature Ty, 
Btu/1b 

hg] = Enthalpy of saturated vapor at temperature Tj, 
Btu/1b 

Vv = Volume of discharge vapor, cu ft/kw-sec 

Veo = Specific volume of saturated vapor at turbine 
discharge temperature, cu ft/lb 

W = Flow rate of working fluid, 1b/kw-hr 

Ae = Effective radiator area, sq ft/kw 

C = Average specific heat of saturated liquid, Btu/ 
(1b) (R) . 

Cy = Radiation constant defined for Eq. 24 

Cp = Average specific heat of fluid at constant pres- 
sure, Btu/(1b) (R) 

On = Heat added to working fluid cycle, Btu/1b 

Q; = Heat rejected from cycle, Btu/lb of working 
fluid 

S = Entropy of working fluid, Btu/(1b) (R) 

Sy = Entropy of working fluid entering turbine, Btu/ 
(1b) (R) 

SF3 = Entropy of saturated liquid at condenser tem- 
perature, Btu/(ib) (R) 

Spl = Entropy of saturated vapor at temperature Tj, 
Btu/(1b) (R) 

ay = Absolute temperature, R 

Ti = Temperature of working fluid at turbine inlet,R 
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To = Ideal temperature of working fluid at turbine 
exit, R 

Wa = Actual shaft work from working fluid, Btu/1b 

We = Work from ideal Carnot cycle 

Wtheo = Theoretical work from working fluid, Btu/1b 

Xo = Quality of vapor at turbine exhaust, %o vapor 

€4 = Emissivity of radiator surface (usually surface 
facing sun) 

éb = Emissivity of radiator surface (usually surface 
away from sun) 

Ne = Area function (Eq. 30) 

7 = Cycle thermal efficiency 

Nc = Carnot cycle thermal efficiency 

nf = Fluid efficiency factor defined by Eq. 18 

Mt = Turbine adiabatic efficiency 

iso = Theoretical thermal efficiency 

o = Stefan-Boltzmann constant = 0. 1713 x 1078 
Btu/(hr) (sq ft) (R*) 
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Limitatibn of New Approach to Thermodynamic 


Powerplant Analysis 


Homer J. Wood 
H. J. Wood & Associates 


DR. MACKAY HAS presented some new approaches to ther- 
modynamic powerplant analysis which are certain to prove 
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of value far beyond the "space vehicle" applications on which 
he has concentrated his interests. In following Dr. Mackay's 
analysis it is well to note that there is a fundamental pre- 
sumption to the effect that an expansion engine can be found 


‘which will provide the temperature ratio betweenheat source 


and condenser. This is a legitimate assumption for the tenr 
perature ratios of interest within the subject of the paper, 
but is sometimes not found in Rankine cycle steam plants 
where turbine exhaust temperatures may be somewhat above 
condensate temperatures, This should be kept in mind in 
applying the new design method to old problems, This point 
bears some relationship to his statement that a binary fluid 
would not be justified. When it is desired to deal with low- 
er temperature ratios than about 0. 75, physical limitations 
on expansion engine design may make binary fluids attrac- 
tive. 


The method of radiator size optimization used bv Dr. 
Mackay 1s directly applicable only when the heat source 


weight is not a variable. For solar collectors the optimum 
temperature ratio is somewhat depressed. This depression 
becomes much more prominent when a portion of the mis- 
sion is in Earth's shadow. In such case the use of heat stor- 
age means, such as lithium hydride, places emphasis on high 
cycle efficiency during the shadow period. Thus we might 
expect a Rankine cycle designed for such a mission to be 
optimized at a lower temperature ratio. In some compari- 
sons between Stirling and Rankine cycles, this factor has not 
had proper evaluation. The reference paper provides easy 
means of making such evaluations, 

Although Dr. Mackay's published analyses of Brayton cy- 
cles have not included recuperative heat exchangers, I am 
in agreement that such cycles offer no hope of competition 
with liquid metal Rankine cycles at temperature ratios of 
about 0.75. For the case of partial shadow operation noted 
above, the reduced temperature ratio might make a recup- 
erative Brayton cycle competitive with Stirling and Rankine 
cycles, It would be interesting to have Dr. Mackay's com- 
ments on this point. It should be noted that practical Stir- 
ling cycles have thermodynamic characteristics very similar 
to recuperative Brayton cycles, 

Dr. Mackay makes very plain the first-order importance 
of turbine efficiency in minimizing radiator size. Flow path 
efficiencies of 90% or above are possible in expansion en- 
gines, but formidable mechanical problems are posed with 
either turbine or positive-displacement expanders by the pre- 
sence of liquid metal in the working fluid. A recent ARS 
paper by Mr. Bullock of The Garrett Corp. discusses some 
of these problems and shows that liquid metal erosion can 
be serious. On the other hand, it is evident that superheat- 
ing to reduce mechanical problems is detrimental to cycle 
efficiency, The next few years should see much improve- 
ment in both performance and durability which can be a- 
chieved only through empirical development work. No more 
challenging problem has ever faced the designers of turbo- 
machinery... 
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Author’s Closure to Discussion 


THE AUTHOR agrees whole heartedly with all of the above 
comments, A small amount of study has been made regard- 
ing the use of a Brayton cycle supplemented with a recup- 
erative heat exchanger. The recuperative feature reduces 
the size of the waste heat radiator as well as the quantity of 
heat required to be supplied by either a reactor or a solar 
collector. 

A comparison of cycle performance employing the theo- 
retically maximum amount of improvement due to recup- 
erative heat exchange made with one having no recupera- 
tion is shown in Fig. B. These data were obtained by se- 
lecting conditions in the Brayton cycle which gave the small- 
est size for the waste heat radiator and then by computing 
the area change due to the addition of a 100% effective re- 
cuperative heat exchanger, In the normal efficiency range 
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for compressors and turbines, the area reduction is approxi- 
mately 25%, At the same time, the savings in heat input 
to the system would be almost 57%when the turbine and com- 
pressor efficiencies are 80%, Even with these improvements, 
the Brayton cycle is shown to be far from comparative from 
a standpoint of radiator area. 

An interesting problem, and one which will require con- 
siderable study, is presented when one wishes to increasecy- 
cle efficiency by increasing the size of the waste heat ra- 
diator. A large number of variables are encountered, and 
some measure of advantage and penalty must be assessed to 
each. A binary fluid cycle would no doubt be required for 
the Rankine cycle since the turbine exhaust already contains 
as much moisture as can be tolerated. To improve efficien- 
cy, optimum recuperation would be needed for the Brayton 
cycle. After these changes, the Rankine cycle would have 
a higher thermal efficiency since it deviates so little from 
the Carnot cycle. The recuperative feature combined with 
the lower temperature will theoretically cause the Brayton 
cycle to approach more nearly the Carnot cycle. It should 
be pointed out, however, that the minimum radiator area 
comparison presented here was obtained by the use of acom- 
paratively cold gas temperature at the compressor inlet for 
the Brayton cycle. Temperatures of approximately 550 and 
800 R would be associated with 70 and 80% turbine efficien- 
cies, respectively. Corresponding temperatures of approxi- 
mately 1540 and 1520 R were encountered with the Rankine 
vapor cycle. Lowering the temperature in a radiant heat 
exchanger, which is already low, will have a more serious 
effect than if the temperature were high. Also, the opera- 
tion of a Brayton cycle in the sunlight would be penalized 
more than would the Rankine cycle. At the lower tempera- 
tures, the solar heat input becomes a higher percent of the 
possible total heat output and the Brayton cycle performance 
will be more seriously affected. Operation in shadow would 
be somewhat as presented in the paper since solar heat input 
was neglected for that study. 

A solar powerplant using the Brayton cycle has some ad- 
vantages not possible with the Rankine cycle. For the Ran- 
kine cycle, the problem of operating condensers and pumps 
in zero gravity has not been solved to the author's satisfac- 
tion. It is felt, therefore, that more study is needed to es- 
tablish the optimum solar powerplant. 

The author appreciates the comments and hopes that this 
discussion will help to clarify the questions. 


PLASMA PROPULSION provides one of the more promising 
engines tor tuturistic space travel. In plasma propulsion pro- 
pellant material can be accelerated to large velocities by 
the use of electromagnetic forces. The term plasma was 
introduced about a third of a century ago, and reters to gas 
containing an appreciable number of ions and electrons. Ihe 
amounts of positive and negative charge, however, are equal, 
so that from a macroscopic point of view the gas is essential- 
ly neutral. Familiar examples of plasma devices are to be 
found in electric arcs, such as are used in welding, and in 
electric discharges, such as 1n neon displays. 

Plasma may be properly considered a tourth phase of mat- 
ter, the phase beyond the gaseous one. Plasma may be an 
exceptional state on earth, but it is the most prevelant state 
of matter in the universe. Plasma comprises the stars and 
much of the material in space. Plasmas and plasma phe- 
nomena are destined to play an increasingly important role 
in our developing technology. We may expect plasmas to 
be important in communication, 1m space propulsion, in 
power production, and in other areas, presently unsuspected. 

The principle attraction of electrical propulsion, such as 
plasma propulsion, is the long range possibility it otters ot 
providing a large ratio of payload weight to initial vehicle 
weight. This large ratio results trom the projected use ot 
higher velocity propellants, ‘Ihe larger the exhaust velocity 
of the propellant, the larger the payload fraction will! be tor 
any given mission. For example, Fig. 1 shows how the pay- 
load fraction varies with propellant velocity, tor a vehicle 
velocity change of 30 km/sec. This velocity change would 
be adequate to carry out most interplanetary missions, 
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Plasma Propulsion 


S. W. Kash 
Lockheed Aircraft Corp. 


The feasibility of electrical propulsion rests on two rel- 
atively recent technological developments: 

1. The development of nuclear reactors provides us with 
a potentially unlimited energy source. 

2. The development of our ability to put increasingly 
greater weights into satellite orbit. Because of the large cost 
of lifting material into satellite orbit, however, it is advan- 
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Fig. 1 — Ratio of payload mass to initial mass as a function of 
propellant velocity 


tageous to develop space ships with as large a payload trac- 
tion as possible. 

Because of power plant limitations, higher propellant ve- 
locity entails lower engine thrust. This results from the fact 
that for a fixed thrust, the power required is proportional to 
the propellant velocity. Nevertheless, by starting in a low- 
drag satellite orbit, a low-thrust, long acceleration-time 
propulsion engine can be used advantageously. 

It is quite possible that the tirst application ot electrical 
propulsion in space will involve the use ot a small plasma 
engine to help stabilize a communication satellite or change 
its orientation. This would be followed by larger units tor 
orbital transfer and finally by plasma engines tor interplan- 
etary travel. 


Engines for Space 


There are several types of propulsion engines feasible for 
space travel. These include: 
1. Chemical propulsion 
Nuclear-chemical propulsion 
Propulsion by electric arc heating (plasma jet) 
Ion propulsion 
Plasma propulsion. 


aw & © 


In chemical propulsion systems both the energy and pro- 
pellant are contained in a tuel oxidizer mixture. This mix- 
ture is burned in a combustion chamber to produce high temr 
perature gases. The gases are then allowed to expand through 
a nozzle to convert part of their internal heat energy into 
kinetic energy of the exhaust. Chemical propulsion units 
have been under development for many years and are cur- 
rently being successtully operated. Untortunately, there is 
a limit to the propellant velocity that can be achieved with 
chemical fuels. Even with fuel mixtures which combine the 
most energetic chemical bonds with the lightest weight 
atoms, it is unlikely that propellant exhaust velocities great- 
er than 4 km/sec can be achieved. 

An obvious way to achieve higher velocities is to com- 
bine a nuclear heat source with a light chemical propellant. 
The propellant is heated upon passing through the reactor 
and then accelerated by expansion through a nozzle. The 
velocity is limited by the ternperature to which the propel- 
lant can be heated, that 1s, primarily by the temperature of 
the reactor materials. With hydrogen heated to 2000 C a 
velocity of about 6 km/sec could beobtained, If a practical 
way could be devised to deliver the kinetic energy of the 
nuclear fission fragments directly to the propellant, a ve- 
locity possibly 50% greater could be achieved. 

Higher temperatures and velocities may be obtained by 
heating the gas electrically as with a plasma jet. in a plas- 
ma jet, a gaseous propellant is heated to high temperature 


*Numbers in parentheses indicate references at the end 
of the paper. 
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by passing it through a high-current electric-arc (1)*. Elec- 
tric forces are used to heat the gas, but not to accelerate it. 
The gas is accelerated by expanding it through a nozzle, as 
in the case of the chemical or nuclear-chemical engine. 
The propellant velocity of a plasma-jet engine is also limit- 
ed by material temperatures, but may achieve values be- 
tween 15-20 km/sec, 


Ion propulsion (Fig. 2) illustrates the simplest means of 
accelerating material by electromagnetic forces, Ions are 
directly accelerated by strong electric tields, similar to the 
acceleration of electrons in cathode ray tubes. To main- 
tain overall charge neutrality on the vehicle, as many posi- 
tive as negative charges have to be eliminated. Further- 
more, in order to provide a neutral space environment in 
the vicinity of the ion engine, the positive and negative 
charges should leave the vehicle with about the same ve- 
locity. The atomic alkali metal ions, in particular cesium, 
are considered most promising for the positive charges (2, 3). 
Electrons are usually considered tor the negative charges, 
although heavier negative ions, such as those of the halogen 
atoms offer considerable promise (4). 

The ion currents that can be obtained in an ion gun are 
unfortunately very small. A very large exhaust area com- 
posed of many small ion guns in required to get an appre- 
ciable thrust. We may expect that the thrust per unit area 
from an ion engine will be no greater than about 0.1 lb/ft” 
(8). 

In plasma propulsion engines, a neutral plasma is accel- 
erated with the aid of electric and magnetic fields. The 
magnetic fields can be provided by currents in the plasma, 
or they can be provided independently. The propellant en- 
ergy is supplied by the electric fields; however, the mag- 
netic fields are required to orient the gas and give it a net 
momentum. Operation of a plasma device does not require 
the separation of the positive and negative charges. The 
plasma device can therefore handle larger amounts of pro- 
pellant and can provide a larger thrust per unit area (9). 

There are two types of plasma propulsion devices: 

1. The steady-state plasma-accelerator. 

2. The pulsed plasma-accelerator. 

The steady-state devices may be suitable for the acceler- 
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ation of plasma to intermediate velocities, up to about 50 
km/sec. The pulsed devices can be utilized to accelerate 
plasmas in the velocity range of about 10-500 km/sec, but 
are better suited for producing velocities greater than that 
of the steady-state devices. The basic principles involved 
in these devices are the same, although the technical prob- 
lems are quite different. The ditterences are analogous to 
those between ac and dc electrical devices. 


Steady-State Plasma Accelerator 


Let us consider first the steady-state plasma-accelerator. 
This is often called a crossed electric and magnetic field 
accelerator, and is similar to that of the electromagnetic 
pump presently used tor metal liquids. In a simple version 
of the crossed field device (Fig. 3), a plasma arc-Jet 1s used 
to produce a high-temperature partially-ionized gas, to 
which some alkal*’ metal vapor, sucn as potasslum, may be 
added to increase 1ts electric conductivity. The plasma gas 
then passes between a pair of electrical plates to produce a 
current transverse to the flow, and a set of coils which pro- 
vide a magnetic field at right angles to both the current be- 
tween the plates and the direction of flow. ‘he resultant 
interaction between the current and the magnetic field pro- 
vides the force for accelerating the gas. 

As in the electromagnetic liquid-metal pump, the cur- 
rent also heats the moving plasma. However, by permitting 
the plasma to expand while ‘being accelerated, some ot the 
joule heating can be recovered. The expansion ot the plas- 
ma also helps keep its temperature down. Since the plasma 
in the steady-state device is only slightly ionized (its con- 
ductivity is perhaps only 10°“ times that of liquid sodium), 
care must be exercised during the expansion lest the tem- 
perature drops so low that the conductivity ot the gas be- 
comes too small. 

For the steady-state accelerator the equation of motion is 


dv ae at 
p = = ONY == Yio) ap Ips), (1) 
where p, Vv, and p are the plasma density, velocity, and 
pressure, respectively, and B is the magnetic field intensity, 
The current density is given by 
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j= o(E + vxB) , (2) 


where o is the conductivity and E is the electric field inten- 
sity. If E, Vv, and B are at right angles to each other and 
the flow is one dimensional, Eq. (2) can be written as 


) = o(E - vB). (2a) 


Note that, as in the electric motor, vxB provides a back 

emf that opposes the applied electric field. In plasma de- 

vices designed for the production of power, vxB is the dom- 

inant term and produces a voltage and a current flow. This 

is analogous to the electric generator, 1n which the voltage 

is produced by the movement of conducting elements through 
magnetic fields. 

The energy equation for the steady-state accelerator 1s 

Zz 2 
pW Vie +5) = V-(- Vp + FxB) +2; (3) 


e is the internal energy of the gas. Eqs. (1 - 3) do not in- 
cludé terms for viscosity or heat conduction. The impor- 
tant term tor joule heating is included, however, in Eq. (3). 

To understand the underlying principles of an ExB de- 
vice, it should be noted that a charged particle under the 
influence of an electric field will be accelerated in the di- 
rection of the electric field. Thus, since the electric field 
has a component along the motion of the particle, it will 
increase the energy of the particle. On the other hand, the 
force of a magnetic field is at all times perpendicular to 
the motion of a charged particle. The magnetic field will 
therefore change the direction and momentum of the parti- 
cle, but will not change its energy. In the crossed field de- 
vice the energy is thus supplied through the currents set up 
by the electric fields. However, the thrust is obtained 
through the orientation of the particles by the magnetic 
field, 

Actually, in most plasma devices, the applied fields act 
primarily on the electrons, because the electron mass is 
much smaller than that of the ion, The electrons in turn 
set up space-charge effects which accelerate the ions, The 
ions in turn collide with the neutral particles present and 
impart acceleration to the gas as a whole. 

To date an operating steady-state crossed field device 
has not been built. The steady-state plasma-motor should, 
however, operate on voltages about an order ot magnitude 
lower than that of the electrostatic ion-motor. it snouia 
also, in principle at least, :produce per-unit-area thrusts up 
to 100 lbs/ft?— about three orders of magnitude greater than 
that of the ion engine. For efficient operation there are sev- 
eral losses which must be minimized: 

1, Heat is produced in the electrical circuit elements 
and in the magnetic field coils. This heat must be elimin- 
ated by convection cooling or by radiation, 

2, Thermal energy and internal energy (energy of exci- 
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tation, dissociation and ionization) is carried out with the 
propellant exhaust. This loss is similar to that which occurs 
in a chemical propulsion system and becomes relatively less 
important as the plasma exit velocity increases, 

3. The viscous boundary-layer at the electric plates 
takes up energy and momentum from the moving plasma. 
These losses increase with plasma velocity and channel 
length. 

4, Hall currents (at right angles to both the electric and 
magnetic fields) can produce undesirable sideways motion 
in the plasma. It may be possible to reduce these somewhat 
by the application of auxiliary electric fields. 

5. High temperatures and velocities will produce evap- 
oration and erosion of surfaces in contact with the plasma. 


Pulsed Plasma Accelerator 


The pulsed plasma-accelerator will now be considered. 
This is an intermittently operated device and can produce 
a per-unit-area thrust intermediate between the ion acceler- 
ator and the steady-state plasma-accelerator (5). In this 
device bursts of plasma are driven by rapidly varying mag- 
netic fields produced by large currents in the plasma dis- 
charge. There are a number of different electrode arrange- 
ments possible. Two of these are shown in Figs. 4 and 5. 

In each of these, a plasma introduced into the discharge 
region or produced by the discharge, is accelerated by the 
interaction of the current elements in the plasma and the 
current elements in the fixed part of the discharge circuit. 
The accelerating forces arise from the interaction of the 
current elements with the magnetic field produced by the 


current in the discharge circuit. 
These devices have been studied tor several years at va- 


rious laboratories including the research laboratory ot Lock- 
heed Missiles and Space Division, Often the piasma is pro- 
vided by admitting a pulse of gas between the electrodes 
and a discharge is simultaneously triggered (6). In a number 
of experiments the discharge has been triggered by the gas 
itself. In a few experiments (7, 8) the plasma has been pro- 
vided by vaporizing a metal wire which has in turn triggered 
the discharge. More recently the discharge has been trig- 
gered with a minute amount of material and most of the 
propellant has been obtained by electrode erosion (9). It 
would appear from these studies that pulsed plasma~-acceler- 
ators can be built which will convert electrical energy into 
plasma kinetic energy with an efficiency exceeding 50%, 
The pulsed plasma-accelerator differs in a number of 
respects.from the steady-state plasma-accelerator: 
1. Because of higher velocity and conductivity the ratio 
of plasma kinetic energy to plasma internal energy is great- 
er in the pulsed accelerator than in the steady-state accel- 


erator. 
2. The acceleration ot the plasma is greater and the 


channel length is shorter in the pulsed accelerator, so that 
the viscous boundary-layer losses are smaller. 
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Fig. 6 — Equivalent circuit for pulsed plasma accelerator 


3. In the pulsed accelerator some ot the heat developed 
in the electrodes can be utilized and advantage can be tak- 
en of electrode erosion to provide the propellant material. 

4, The currents in the pulsed plasma accelerator are 
very large, ot the order ot 100,U00 amps or more, and hence 
the resistance ot the electrical components must be mini- 
mized to reduce circuit heating losses and to prolong com- 
ponent life. 

5. With pulsed operation tne effect or circuit inauctance 
is important. For increased efficiency all t1xed inauctance 
should be reduced as tar as possible. However, the rate ot 
change of inductance in the discharge circuit should be as 
large as possible. 

Although the forces in pulsed devices are basically me 
same as those 1n steady-state devices, the analysis or inese 
systems 1s More complicated. ror the analysis 1t 1s conven- 
ient (10) to set up an equivalent circuit, sucn as snown in 
Fig. 6. The lett hand part ot the circuit represents the elec- 
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trical storage capacitor and leads; the right hand part rep- 
resents the electrodes and the plasma discharge. The cir- 
cuit equation for the system is 


ii e 
SaH(R +R+ hl +h) +b. (4) 


where the dot denotes differentiation with respect to time. 
The power into the electrodes and plasma discharge 1s 


e 


P(t) = V(t) =(R+L)I- + LIl 


el ae gl i 
= a HO ) 
Rastiguiiet gegew) o 


The first term RI is the rate at which electrical energy 
is dissipated by ohmic heating in the plasma and electrodes. 
The last term represents the rate of increase of magnetic 
field energy. When the current is zero the magnetic tield 
energy is zero. For good efficiency the plasma should not 
be ejected before the current has passed through a maximum 
and returned to a small value. 


lo, ; 
The termSLI represents the rate at which mechanical 


1° 
work is done on the plasma and>L can be taken as an "e- 


quivalent load impedance" for the mechanical work done 
on the plasma. Electrical energy in these systems is ulti- 
mately expended by ohmic heating ot the circuit elements 
and plasma and by the mechanical work done on the plasma. 


le 
Thus, for good efficiency it is important to have bk larger 


than the resistance (R_ + R) of the circuit. 
fe) 


A simplified analysis can be carried through for the pul- 
sed accelerator by considering the plasma to be driven by a 
magnetic piston. This assumes that the rate of rise of the 
magnetic field and the plasma conductivity are sufficiently 
large, so that there is little penetration of the magnetic field 
into the plasma during the time of acceleration. Accord- 
ingly, the plasma current is restricted to a thin sheath, with 
the magnetic field very small in front of the sheath and a 
maximum behind it, We may then put 


dL 
ee (6) 


zi 
where dL/dx is the inductance per unit length and v is the 
velocity of the moving sheath. By this relationship, we see 
that the efficiency is improved when dL/dx and v are in- 
creased, Further details concerning this analysis are to be 
found in Ref, (10). 

The results of the foregoing analysis, applied to a par- 
ticular case in which the plasma:is provided by electrode 
erosion, are shown in Fig. 7, It is assumed in this case that 
the production of plasma is proportional to the square of the 
current and that the resistance and inductance per unit length 
are constant, equal to 1072 ohm and 1078 henry/cm, re- 
spectively, Fig. 7 shows how the efficiency (n) increases 


Fig. 7 — Efficiency and fraction of electrical energy expended 
per pulse versus plasma velocity 


with velocity. The fraction of the electrical energy (f) re- 
moved from the capacitor per current surge is also shown. 
That this increases with velocity reflects the tact that in- 
creasing (3 improves the impedance match between the dis- 
charge part of the circuit and the electrical capacitor. 
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Computer Predicts Car Acceleration 


IT IS IMPERATIVE for every automobile manufacturer to 
be able to predict the performance characteristics of its ve- 
hicles prior to production. Before the availability of modern 
computers, hand solutions of complex equations were cum- 
bersome and time consuming. Rapid reliable mechanized 
piediction procedures can now replace these hand calcula- 
tions. Engineering procedure is materially streamlined 
through lessening the repetitive process of design, build and 
test. The resultant improvement in efficiency and lower 
cost warrant increased emphasis on this activity. 

Ford Motor Co. has set forth desired characteristics for 
acceleration performance capabilities while a new passen- 
ger car design is in the embryonic stage. Specific objec- 
tives are selected for each of the following previously estab- 
lished criteria: 

0-4 Second Start-Up Distance - The distance traveled by 
a vehicle at wide open throttle during a 4 second period aft- 
er initial depression of the accelerator pedal. 


0-10 Second Start-Up Distance - This covers a 10 second 


period similar to the one defined above. 

50 mph Passing Exposure Time - This simulates a vehicle 
passing maneuver and is defined as the time required at wide 
open throttle to accelerate the vehicle from 50 mph constant 
speed through a distance 190 ft greater than that traveled by 
a 50 mph constant speed vehicle during the same time. The 
time is measured from the initial depression of the accele- 
rator pedal beyond the 50 mph constant speed position. The 
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190 ft make up distance provides for adequate vehicle spac- 
ing at a 50 mph driving speed. While a downshift operation 
is included for vehicles with automatic transmissions, man- 
ual shift transmission vehicles are appraised on the basis of 
high gear operation. A graphical definition of this criterion 
is shown in Fig. 1. 


Development of Fundamental Relationships 


The problem of expressing acceleration performance cri- 
teria in terms of kinematics and engineering mechanics is 
basically simple. Start with the elementary concepts of mo- 
tion and the natural laws which produce motion. The pri- 
mary concern is with a particular type of motion called trans- 
lation which denotes a displacement along a straight line 
path, The conventional concepts of distance, time, the rate 
of change of distance with respect to time termed velocity, 
and the rate of change of velocity with respect to time term- 
ed acceleration are associated with translation. Both veloc- 
ity and acceleration have directions identical to that of the 
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translatory displacement. From these concepts, the differ- 
ential equations defining the translatory motion of a passen- 
ger car can be expressed as; 


= 1) 
ae (1) 
dv dv_ ds dv 
= ot oe, = B) 
GiubAthe tly kL ES (2) 
oralide ees, (3) 
a 


t = time - seconds 
s = distance - ft 


where 


v = velocity - ft/sec 

a = acceleration - ft/sec/sec 

In addition to the preceding expressions for time and dis- 
tance, the causes of motion and the associated concepts of 
force, mass and acceleration must be considered. The ex- 
planation is found in Newton's lays of motion from which 
the familiar relationship Force = Mass times acceleration is 
derived. This expression provides the link relating the ve- 
hicle's translatory motion to its cause, the resultant or net 
driving force at the wheels. Its mathematical expression is 
given below. 


F = Ma 


one (5) 
~M 


The value for acceleration from Eq. (5) is substituted in- 
to Eq. (3 and 4). F, the net driving force at the wheels, is 
a complex function ot velocity and will be expressed as F(v). 


ds = vdv = Mvdv (6) 
Fv) F(v) 
M 

dt=dv_ = Mdv (7) 
Fv) _F(v) 
M 


Vehicle start up performance capabilities such as the 0-4 
second and 0-10 second distances may be evaluated by in- 
tegrating equation (6). 


s wal 
Mvdv 
0-4 second distance S = if ds = J ae : (8) 
fo) fo) 
: ee 
0-10 second distance S = , ds = ce (9) 
oO 0 


The equation expressing the 50 mph passing exposure time 
t min is formulated from the graphical definition of this cri- 
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terion shown in Fig. l. 


Vv 
3 
? M 
190 + 73. 33 t min = if E(w) vdv + 73.33 t, 
13, 33 
Vv 
3 
Mydvy 
or 190 + 73.33 (Cmin, - Oe) Joe ase (10) 
F(v) 
13.33 


The respective integral limits vj, v9 and vg from Eq. (8, 
9, and 10) must be evaluated before these integrations can 
be performed. The integration of Eq. (7) for each perform - 
ance criterion will accomplish this evaluation. 


4 ul 
M 
0-4 second distance f dt = F(v) dv (11) 
limit evaluation 0 0 
10 Y2 “e 
0-10 second distance f dt = F(v) dv (12) 
limit evaluation 0 
tet, V3 
, M 
50 mph exposure time f dt= f E(v) dv (13) 
limit evaluation 0 73003 


A graphical description of the method employed to eval- 
uate the integrals. expressed in Eq. (8-13) is found in Fig. 2. 
The M/F and Mv/F functions of velocity are plotted as 
shown. Determination of the area under the M/F function 
between limits prescribed for each criterion defines the re- 
spective upper limits for the integral of the Mv/F function. 
Subsequent determination of the areas under the Mv/F curves 
evaluates the respective integrals of this function. Eq. (8-13) 
represent all of the fundamental relationships required to 
express Our acceleration performance criteria. 


Evaluation of Performance Equations 


The calculation of distance or time values from equations 
expressing performance criteria can be accomplished by ei- 
ther analog or digital type computers. Problems requiring 
numerous repetitive solutions such as those in the perform- 
ance field are best handled by the digital type machine. 
Since the digital computer performs all mathematical oper- 
ations by addition and subtraction, a numerical integration 


of the performance equations is required. 


Numerical integration may be described as a particular 
numerical summation process commonly employed to eval- 
uate definite integrals of a complex nature. To perform this 
operation an independent variable is first selected and then sub- 
divided into a large number of increments of definite mag- 
nitudes. The equation is numerically evaluated for each 
successive increment of the independent variable. The in- 
cremental evaluations of the dependent variable thus ob- 


tained are summed up between prescribed limits to evaluate 
the integral. 


COMPUTER PREDICTS CAR ACCELERATION 
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Fig. 2 — Integral evaluation — graphical description 


Either time or velocity may be selected as the independent 
variable for numerical integration of the performance equa- 
tions. Since most of our power train characteristics are ex- 
pressed as functions of velocity we have selected velocity 
as the independent variable. The magnitude of velocity in- 
crements selected for our computer solutions is 0.50 mph. 

Since Eq. (8, 9, and 10) contain specific integrals repre- 


senting vehicle distance, the general equations for distance 
will be employed to demonstrate the evaluation procedure. 


$2 v2 


M 
Vehicle Distance Traveled =S = f ds = = AVahy 
S] 


v4 F(v) 


M 
-Dvav| 35] (14) 
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where AV = velocity increment. 
V = mean velocity for each AV. 
n = number of increments, 


Eq. (15) will now be expanded to incorporate significant 
vehicle and power train characteristics required to evaluate 
the summation. It should be noted that all force terms re- 
sulting from the expansion are functions of vehicle velocity 
and are shown for vehicles with automatic transmission. 

; : Mass 
Vehicle Distance = Se WAV" Gea ar eee (15) 
Net Force 
Traveled (ft) nN 


M 
2) aay ; ~ (16) 
7 Tractive Effort-Road Load Thrust 


WpMe 
where: Mass (Slugs) = re: (aap 
TECTRRGEGRaE 
Tractive Rfior (her ee (18) 
iy 


2 
C,;W CppAV 
Road Load Thrust (1b) = m P + 2 (19) 


2 


Substituting Eq. (17, 18, and 19) into Eq. (16) and we 
have: 


Vehicle W_M 

Distance = yi VvAV a 2 

Traveled 7 (TeCrwicEchsks CN oD =} 
Tr ; P 2) 


(20) 

A brief definition of terms for Eq. (20) is shown in Fig. 3. 

A more detailed definition of terms found in Eq. (20), in- 
cluding descriptions of pertinent input data, is found in Ap- 
pendix I. The group of terms expressing net driving force 
are a complex function of velocity. These are expressed in 
the form of empirical curves constructed from test data or 
as predicted curves. Several features of special interest con- 
cerning the evaluation process are described below: 

Effective Mass Factor (Fig. 4) - A factor used to express 
power train rotating inertias as a function of the translatory 
mass of the vehicle. Experimentally determined factors rep- 
resenting many different vehicles are plotted against N/V to 
construct the curve shown in Fig. 4. Engine rpm car speed 
values are calculated for a specific vehicle and correspond- 
ing values of effective mass factor are read from the curve 
and substituted into Eq. (20). 

0-10 MPH Time Curve (Fig. 5) - This is employed toex- 
press vehicle start up response characteristics empirically. 
The numerical integration of Eq. (20) is initiated from a 
vehicle speed of 10 mph when predicting 0-4 second and 0- 
10 second distances. The first velocity increment (0-10 mph) 
is evaluated from the curve where 0-10 mph time is plotted 
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Fig. 3 — Definition of general distance equation terms 


EFFECTIVE MASS FACTOR 


x= 1oRe 
Wort 
Tp= Driveshaft torque@ Smph - Ib. ft. 
Rg= Axle Ratio 
Wp* Performance Weight —Ibs. 


% *Effective rolling radius of 
driving tires. 


[ezsevasetetatatetiers 


° 02 04 06 os 1.0 
ARBITRARY CONSTANT - K 


TIME (SECONDS) 


Fig. 5 — 0-10 mph time curve 


as a function of an arbitrary constant K detined in Fig. 5. 
The curve represents an average of data compiled from tests 
of many passenger cars with automatic transmissions, 


Engine Speed - Car Speed Relationship - This must be 


accurately determined to express the net driving force func- 
tion of vehicle velocity correctly. The precise definition 
of this relationship is complicated by the presence of con- 
verter slip and the effective slip or creep between the driv- 
ing tires and the road surface. Compatibility between net 


driving force terms from Eq. (20) and the mean velocity ot 
each velocity increment evaluated is achieved by a drive- 
shaft speed matching technique. The detailed description 
of this technique is found in Appendix II. 

Vehicle Acceleration With Drive Wheels Spinning occurs 
when the tractive capacity of the driving wheels is exceeded 
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by the tractive force transmitted by the power plant. ove 
acceleration magnitudes associated with spinning drive 
wheels are limited to those produced by the maximum trac- 
tive forces that the road surface can react. The evaluation 


’ procedure for the numerical integration of distance includes 


a technique for imposing a tractive limit. The detailed de- 
scription of the technique will be found in Appendix III. 


Evaluation of Vehicles with Manual 
Shift Transmissions 


The procedure previously outlined pertains to the predic - 
tion of acceleration performance for passenger cars with au- 
tomatic transmissions. The performance of manual shift 
transmission vehicles may be predicted after making the 
following alterations: 

1. Equation terms describing the torque converter are 
eliminated. 

2. The procedure for matching the engine and torque 
converter is deleted. 

3. Appropriate manual shift transmission vehicle input 
data are substituted. 


Solution of Performance 
by Hand Calculation 


The numerical integration of performance equations can 
be accomplished with the aid of an ordinary desk calculat- 
ing machine. In order to reduce the human labor required 
to process the integration, the magnitude of the independent 
variable increment AV is increased to 5 mph. Some ac- 
curacy is sacrificed to fulfill this objective. The hand cal- 
culation process is tedious, time consuming, and continu- 
ally subject to human error. A computer solution is more 
effective, saving both time and money. 


Computer Solution Technique 


Since many repetitions of solutions of the performance 
equations are required during the normal course of vehicle 
design, a digital computer was selected to perform the cal- 
culations. 

A carefully devised set of detailed instructions was pre- 
pared to direct the computer during the problem solving 
process, This is known as a computer program which serves a 
dual function. The program outlined in logical sequence 
the detailed steps the computer must follow to solve the per- 
formance equations, It also prescribed the detailed sequence 
of operations necessary to transform the equations and re- 
lated input data into a form acceptable to the computer. 

. The input data previously shown in the form of curves to 
facilitate illustrations were actually processed by the com- 
puter in the form of polynomial equations or tables. The in- 
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Fig. 6 — Computer solutions general flow chart 


PREPARATION OF SPECIFIC 
ENGINE - TRANSMISSION 
SIZE FACTOR, TORQUE RATIO 
AND SPEED RATIO TABLES 


PREPARATION OF ENGINE 
RPM VS, DRIVESHAFT 
SPEED TABLES 


CHECK ON PRESENCE OF 
CORRECT CAR "PACKAGE" 
OF 0-10 MPH TIME AND 
ROAD LOAD TABLES 


ADJUSTMENT OF ROAD LOAD 
TABLE TO COMPENSATE FOR 
VARIATION OF PERFORMANCE 
WEIGHT 


CALCULATION OF TRACTION 
LIMIT FOR FRONT OR REAR 
DRIVE AS SPECIFIED IN 
DATA 


MEAN CAR VELOCITY ASSUMED 
AND CALCULATION STARTED 


TABLE SCANNING FOR ROAD 
LOAD AT THIS CAR VELOCITY 


SOLVING POLYNOMIAL EQUATION 
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EFFECTIVE MASS FACTOR 
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Fig. 7 — Car acceleration performance calculation power train 
equipped with automotive transmission data-process- 
ing flow chart, IBM 650 digital computer 


crement size of the independent variable AV selected for the 
numerical summation of time and distance equations is 0, 50 
mph vehicle speed. 

A special set of forms was designed for the purpose of re- 
cording all required input data. These were made available 
to all engineering personnel desiring passenger car accele- 
ration performance predictions. The coded data from a set 
of these forms were punched onto cards and fed into the 
computer. 

A general schematic flow chart portraying a computer 
prediction of acceleration performance criteria is shown in 
Fig. 6. 

Figs. 7-10 present in sequence the data processing flow 
charts applicable to the computer prediction of acceleration 
performance for a passenger car equipped with automatic 
transmission. Table 1 presents a sample of the computer 
output tabulation. 

As the calculation proceeds, the computer prints out a 


TABLE SCANNING OF ENGINE 
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TABLES FOR Ne 
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x Ra x EA 
se oY ar. 


TABLE SCANNING FOR ENGINE 
TORQUE, TRANSMISSION 
SPEED RATIO & TORQUE RATIO 


TRx Tex RG=Tb 


ae 
Np x 8g = Nco 


SOLVING POLYNOMIAL EQUATION 
FOR GEAR BOX EFFICIENCY AS 
FUNCTION OF Neco AT EACH 
TRANSMISSION SPEED 


Tpx EG=Tp 
= ACTUAL DRIVE SHAFT TORQUE 


TABLE SCANNING FOR 0-10 MPH 
TIME AS FUNCTION OF "K" 


V x At x 1,467 = AD 


PRINT 0-10 MPH At AND 
AD AS AT 5 MPH MEAN 
SPEED 


2. START SUMMATION OF 
0-4 SEC., 0-10 SEC, 
DISTANCE, 0-60 MPH TIME, 
= AtAND = AD 


3. PROCEED TO NEXT MEAN 
CAR VELOCITY 


Fr + Wp(Me -1) _ 
EA x Wp a 


(iE. ='F)igns 
Wp x Me 


OVER 10 MPH 


=O 


CALCULATION OF TRACTIVE 
EFFORT EQUIVALENT OF 
TRACTION LIMIT AND 
ROTATING INERTIAS 


UNDER 10 MPH 


COMPARISON OF AVAILABLE 
TRACTIVE EFFORT WITH 
TRACTIVE EFFORT EQUIVALENT 
OF TRACTION LIMIT AND 
ROTATING INERTIAS STARTING 
AT 5 MPH CAR SPEED 


UNDER LIMIT 


COMPARISON OF TRACTIVE EFFORT 
ACCELERATION WITH TRACTION 
LIMIT ACCELERATION 


AV x 1.467 = AT 
A 


Vx ATx 1.467=AD 


USE SMALLER 
VALUE OF THE TWO 


Fig. 3 — Data processing flow chart — continued 


progress report of the numerical summation at the end of 
each successive 5 mph increment of vehicle speed. The 
numerical predictions of each performance criterion, ve- 
hicle shift speeds and other pertinent input data are included 


for reference and checking purposes. 


Performance Prediction System Applications 


The principal applications of the prediction system fall 
into the two general categories listed below. 
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Table 1 - Computer Output Tabulations 


PB 027 PERF PROJ JONES 3 MAR 59 59 TBIRD 430-4V 
GR1 GR 2 GR 3 GR 4 SFT 1 SFT 2 
4, 000 2-400 101.470" ¥. 000 42.00. 000 1998.000 2829 
SFT 3 P WT D WT AXLR AXLE C FRC 
4200.000 4775.000 2297.000 2.910 . 965 . 950 90000.000 2829 
CGHT  WHBS RR T RPM T MAS T PRS 
20.600 113.000 01.093 768.000 54. 000 23.000 110. 000 110.000 2829 
VEL ERPM RDLD T EFF DS SP DS TO *S"AECELW TSEC D FT CALC GEAR 
5.000 1799.558 83.460 3455. 484 240.000 1344. 958 1. 086 7.964 2829 1 
10.130 1947.836 84.042 2953. 723 436.992 1149.661 16.763 1.108 8.289 2829 1 
15.000 2153.912 87.500 2616.378 624.000 1018.358 14.772 1.579 17.145 2829 1 
20.000 2419.163 93.600 2406. 303 816.000 936.591 13.510 Ot01 30.775 2829 1 
25.000 2716.490 101.700 2239, 846 1008.000 871.802 12.490 2. 666 49, 642 2829 1 
30.000 3088.019 109.800 2150. 233 1200.000 836.923 11.919 3. 268 74.177 2829 ‘ 
35.000 3503.415 119.960 1972. 588 1392.000 767.779 10.822 3.915 105.284 2829 1 
40.000 3955.407 130.100 1812. 466 1584.000 705.455 9.828 4.630 144,942 2829 1 
42.500 4177.042 136.200 1719. 937 1680.000 669.441 9.251 5. 016 168.434 2829 1 
45.000 2831.503 142.300 1363. 795 1752.000 530.822 7.683 5. 490 198.999 2829 mS 
50.000 3063.256 157.500 1336. 625 1939.200 520.247 7.417 6. 460 266.917 2829 2 
55.000 3291.743 176.800 1275. 818 2126.400 496.579 6.913 7.487 346.394 2829 2 
60.000 3562.862 197.100 1202.437 2313.600 468.018 6,324 8. 602 440.879 2829 2 
65.000 3833.103 221.400 1139.207 2500.800 443.407 5.773 9, 822 553.193 2829 D 
70.000 4100.216 249.800 1076. 404 2688.000 418.963 5.199 11.164 686.704 2829 2 
71.500 4178.867 259.535 1050.185 2744.160 408.757 4.973 11.600 732.091 2829 2 
75.000 3056.858 282.250 937.163 2843.085 3645767) "4.224" 12-7785 859. 868 2829 3 
80.000 3207.817 314.700 909.942 3024.585 354.171 3.839 14.614 1068.506 2829 3 
85.000 3369.116 351.250 877.141 3205.302 341.404 3.392 16.655  1316.360 2829 3 
90.000 3547.262 387.800 843.659 3385.196 328.373 2.940 18.994 1617.612 2829 3 
95.000 3723.542 428.350 813.988 3564.285 316.824 2.487 21.726 1989.645 2829 3 
100.000 3897.892 468,900 786,523 3742.589 306.134 2.049 25.000 2459,407 2829 3 
105.000 4070.134 510.950 760.178 3920.138 295.880 1.608 29.066  3072.784 2829 3 
110.000 4238.431 553.000 722.519 4096.967 281.222 1.093 34.647  3956.070 2829 3 
115.000 4402.094 553.000 674.020 4273,116 262.345 .781 42.630 5277,909 2829 3 
118.000 4497.356 553.000 639,327 4378.500 248, 842 .557 49.466  6449.316 2829 3 
4 SEC 10 SEC 0-60 TIME 40 mph 50 mph 60 mph 
109.745 570.359 08,544 5.557-30mph 6.819 8.010 9.570 1800.000 2829 


Syste 


1, Determination of power train component character- of time and distance criteria are cross-plotted versus values 


istics required to achieve performance objectives for a ve- 
hicle design program. 

2, A comparison of power train components as they ef- 
fect the acceleration performance of a specific vehicle. 

The first type of investigation requires the prediction of 
both acceleration performance and fuel economy criteria for 
a substantial number of hypothetical vehicles. Input data 
for each power train component are arbitrarily selected to 
cover a wide range of possibilities. The predicted values 


of fuel economy criteria for each hypothetical vehicle. Per- 
formance and economy design objectives are superimposed 
on these plots. Fig. 11 illustrates a sample cross-plot for 
several engine sizes in combination with a series of axle ra- 
tios, From this cross-plot it is evident that economy can be 
optimized for a given performance objective or vice versa. 
Variations of the cross-plotting technique can be applied for 
the appraisal of other component characteristics, 

The second type of investigation is employed to study the 
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COMPUTE NEW ROAD LOAD, 
DRIVESHAFT SPEED, ETC., AS 
SHOWN ON PAGE NO. 


1. & ATANDE AD 


PUNCH DATA IF V IS AT 
10.13 MPH MEAN CAR SPEED, 
15 MPH MEAN CAR SPEED, OR 
AT ANY OTHER DESIGNATED 
SPEED IN 5 MPH INCREMENT 
OR AT A SHIFTING SPEED. 


CHECK FOR: 


1. ENGINE RPM GREATER THAN 
SHIFT SPEED, 


2. NEGATIVE ACCELERATION. 


3. MEAN CAR SPEED GREATER 
THAN ONE OF THE "PASSING 
CRITERIA" SPEEDS. 


PERFORM INDICATED OPERATIONS 
AS RESULT OF ABOVE CHECKS 
(i.e., SHIFT GEARS, OR HALT 
CALCULATION, OR START-UP 
ADDITIONAL PASSING CALCULATION) 


CONTINUE SUMMATION OF 
0-4 SEC,, 0-10 SEC. 
DISTANCE AND 0-60 MPH 
TIME UNTIL THESE POINTS 
ARE REACHED, 


START COMPUTATION OF 
PASSING CRITERIA, SAFE 
PASSING TIME 

WHEN V = 30, 40 50, & 60 MP 


COMPLETE EACH PASSING 
CRITERIA CALCULATION 
WHEN ITS CORRESPONDING 
MAKE-UP DISTANCE IS 
REDUCED TO ZERO. 


CONTINUE THE PROCESS UNTIL 
ACCELERATION BECOMES 
NEGATIVE OR ENGINE REACHES 
MAXIMUM RPM 


6. ADD THE APPROPRIATE 
VEHICLE RESPONSE TIME TO 
THE COMPUTED PASSING TIM 
TO OBTAIN SAFE PASSING 
TIME FOR EACH CASE. 


COMPUTER OUTPUT 
TABULATION 


ADD 1/2 MPH INCREMENT TO 
MEAN CAR SPEED 


Fig. 10 — Data processing flow chart — continued 
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Fig. 11 — Power train optimum selection, performance versus 
fuel economy 


comparative performance merits of two or more unlike sam- 
ples of the same component such as several engines, torque 
converters, or axle ratios. When component characteristics 
are accurately represented, calculated comparisons are in 
many cases more reliable than test comparisons. The reason 
for this is that the computer can eliminate all variables as- 
sociated with test measurements and their reproducibility. 


Prediction System Accuracy and Cost Data 


The accuracy of results derived from the computer solu- 
tion of the performance equations is dependent on two prin- 
cipal factors. 

1. The vaildity of the equations expressing the perform - 
ance criteria. 

2. The accuracy of input data employed to solve the 


357 


performance equations. 


Prediction accuracy is defined as per cent deviations from 
the true mean of a subsequent production vehicle. When 
predicting the acceleration performance for vehicles incor- 
porating production drive train components with known char- 
acteristics, the prediction accuracy is within + 5%. When 
future components with carefully estimated characteristics 
are incorporated, the prediction accuracy is + 7%. Mean 
measured or estimated values of input data are used for all 
performance criteria predictions. 

The accuracy associated with comparison of components 
will be as good as that related to the input data expressing 
component performance. For examples such as axle ratio 
comparisons, the comparative error is for all practical pur- 
poses non-existent. 

Additional refinement in expression of some of the basic 
terms of the performance equations is contemplated to pro- 
vide future accuracy improvement. 

The utilization of the prediction system has been steadily 
increasing since its introduction. During the calendar years 
1958 and 1959, over 4000 separate vehicle appraisals were 
processed. The volume for March, 1960, totaled 474 ve- 
hicles. 

The cost and solution time requirements for computer pre- 
diction of all acceleration performance criteria for a single 
vehicle are very reasonable as indicated in Table 2. The 
corresponding average cost and time estimates for slightly 


Table 2 - Prediction System Cost Data 
Pa 


Hand Calculations Computer Calculations 


Vehicle Time Cost Time Cost 
Transmission Min Dollars Min Dollars 
Automatic 240 30.00 7 4.00 
Manual 180 22.50 3 2.00 


ESTIMATED 
2660 FULL YEAR 


2000 
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Fig. 12 — Prediction system utilization 
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less accurate hand calculated predictions are also listed. 

The cost and time data shown for computer calculations 
are based on the use of an IBM 650 computer. These esti- 
mates are based on complete utilization of computer time 
on many different jobs. However, under most conceivable 
operating conditions, these costs would be no greater than 
double the dollar values indicated. 


Future Outlook 


Much remains to be done in pertecting procedures for ex- 
pressing complex problems by equation systems and adapt- 
ing these for solution by computers. The interrelationships 
of variables expressing power train component characteristics 
require further investigation and study to develop more pre- 
cise methods of representation. Progress in this direction will 
be evolutionary in nature, resulting in the availability of 
increasingly more powerful engineering tools. 


Appendix | 


Detailed Definition, Eq. (20), Terms and Description of Re- 
lated Input Data: 

All data required to evaluate performance equations may 
be determined experimentally from hardware or predicted 
for paper vehicles and components. All net driving force 
terms are expressed as functions of velocity. 

Engine Torque TE versus Engine rpm Curve (Fig. 13) - 
The engine brake torque for the "vehicle as installed" con- 
dition corrected to a particular dry air standard for temper- 


ature and pressure. 

Torque Converter Performance Curves (Fig. 14) - Include 
converter torque ratio CTR, efficiency, input and output 
size factors which are plotted as functions of converter 
speed ratio for convenience. 


Transmission Gear Box Efficiency Curves (Fig. 15) - In- 


BRAKE TORQUE VS ENGINE RPM 
WIDE OPEN THROTTLE OPERATION 
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Fig. 13 — Engine performance 
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Fig. 14 — Torque converter performance 
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Fig. 15 — Transmission gear box efficiency, 3-speed automatic 
wide open throttle 


clude a typical set of wide open throttle efficiency curves, 
one curve for each operational speed of a 3-speed automatic 
transmission gear box. These are plotted as a function of 
gear box input speed for convenience. 

Transmission Shift Speeds - Specified at particular en- 
gine speeds in accordance with the design specifications for 
this type of automatic transmission. 

Power Train Ratios - Such as gear box and axle ratios per - 
taining to the particular vehicle under consideration which 
are recorded for calculation purposes. 

Drive Axle Efficiency Ea - This is assumed to remaincon- 
stant over the speed range for wide open throttle operation. 

Vehicle Performance Weight Wp - Vehicle curb weight 
including weight of common accessories plus a passenger 
complement. For conventional size vehicles the passenger 
complement consists of four 150 lb passengers divided equal- 
ly between the front and rear seats. 

Road Load Thrust (Fig. 16) - This is plotted as a function 
of vehicle velocity and is defined as the sum of vehicle roll- 
ing and aerorynamic drag resistances. Road load data used 
for prediction calculations are obtained by adjusting suitable 
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Fig. 16 — Road load thrust 


test data for differences in performance weight, tire pres- 
sure, vehicle frontal area, and aerodynamic drag coeffi- 
cient. Eq. (19) shown in Fig. 16 is employed to make these 
adjustments, If no suitable test data are available, this e- 
quation is used to predict road load thrust. 

Vehicle Tire Data - Such as rolling radius magnitudes 
(tr), are determined experimentally for various tire sizes 
when subjected to appropriate operating conditions. Tire 
inflation pressures corresponding to vehicle design specifi- 
cations are used for prediction calculations. 
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Engine Speed - Car Speed Relationships: 
Description of Driveshaft Speed Matching Technique: 

Accurate expression of the net driving-force function of 
velocity requires a detailed knowledge of the engine speed - 
car speed relationship. The principal problem is that of de- 
veloping a method for expressing the mechanical N/V ratio 
for each operational gear of the transmission as a function 
of converter slip and effective driving wheel slip. The drive- 
shaft speed matching technique solves this problem in three 
basic steps indicated below: 

1. Determine driveshaft speed as a function of vehicle 
speed with effective driving wheel slip effects included. 

2. Determine driveshaft torque as a function of drive- 
shaft speed and engine torque. 

3. Driveshaft torque values corresponding to the mean 
vehicle speed V of each speed increment AV are defined 
by equating driveshaft speed values from steps 1 and 2. 

The driveshaft speed versus vehicle speed relationship is 
developed as follows: 


Np = Npk (A) 
pete (8) 
= 


i k 
be Wheel Reyolunons Ape 66 (C) 
(5280 ft = 1 mile) Rg 
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Np = Apparent driveshaft rpm. 
Np = Actual driveshaft rpm. 
Nw = Apparent driving wheel rpm. 
k = Effective slip factor (Fig. 17). 
V_ = Vehicle mean velocity corresponding to each par- 


ticular velocity increment (AV) - ft/sec. 

This expression is evaluated by test for each transmission 
gear ratio. One vehicle in each of several performance cap- 
ability classes of vehicles is subjected to such tests. 

This data is expressed empirically by a family of curves 
as indicated in Fig. 17. Similar curve families can becon- 
structed for other cars in the same performance capability 
class by employing Eq. (C) to adjust the test data. 

Since the driveshaft torques corresponding to the drive- 
shaft speeds calculated by Eq. (C) are unknown, it is nec- 
essary to determine the driveshaft torque versus driveshaft 
speed relationship. This is accomplished by equating size 
factors of the engine and torque converter. 


NE 
Engine Size Factor = KF = D 
g fe) E [Te (D) 


Where Tp = Engine brake torque - 1b ft from Fig. 13. 

Ng = Corresponding engine speed - rpm. 

The engine size factor is plotted with engine torque ver- 
sus engine speed as shown in Fig. 18. The torque converter 
performance characteristics including its input size factor 
Kj are shown in Fig. 14. The matching of engine and con- 
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Fig. 17 — Effective slip “k” versus actual vehicle speed 
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Fig. 18 — Engine torque and size factor versus engine speed 
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Fig. 19 — Driveshaft torque versus driveshaft speed, automatic 
transmission, 1-2-3 shift 


verter is accomplished by setting Kg = Kj. 
Driveshaft Torque = Tp = TpCTRRGEG (E) 


Converter Output Speed = Gear Box Input Speed = NE Csr 


(F) 
Driveshaft Speed = Np = Ng Csr (G) 
RG 
where Tr = Engine brake torque - lb ft. 
Ng = Engine speed - rpm. 
Cyr = Converter torque ratio, 
Csr = Converter speed ratio. 
Rg = Gear box ratio. 
EG = Gear box efficiency. 


Eq. (E, F, andG) in combination with Figs. 14, 15, and 
18 are employed to calculate the driveshaft torque versus 
driveshaft speed relationship for each transmission gear ratio. 
A specific engine torque and size factor corresponding to a 
particular engine speed are selected from the curves shown 
in Fig. 18. Since Kp = Kj the converter input size factor 
is determined. For this specific value of Kj the correspond- 
ing values of converter torque ratio and speed ratio are read 
from the curves illustrated in Fig. 14. The gear box input 
speed is determined from Eq. (F) and the corresponding gear 
box efficiency read from the appropriate curve of Fig. 15. 
Eq. (EandG) are employed to calculate driveshaft speed and 
torque values which are plotted as shown in Fig. 19. The 
driveshaft speeds of Fig. 20 and Eq. (C) are matched to de- 
termine the driveshaft torque corresponding to a particular 
mean vehicle speed V. 
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Vehicle Acceleration With Drive Wheels Spinning - If 


the tractive capacity of the driving wheels is exceeded by 
the tractive force transmitted by the power plant, the wheels 
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will break into a spin relative to the road surface. The ac- 
celeration of a vehicle with spinning drive wheels is limited 
to that produced by the tractive force reacted by the road 
surface. In all start-up performance prediction calculations 


.maximum vehicle acceleration is limited to this value. The 


following equations are employed to effect this restriction. 


, ae hie uh 
Traction Limit (1b) = F = Ws E + L4 si (H) 


u = 0. 95 = Limiting coefficient of traction. 
5 = Static weight on driving wheels - 1b. 

h = Vehicle center of gravity height - in. 

L = Wheelbase - in. 


where 
W 


Wheel spin occurs when T E at 5 mph > FT + Wy (Me - 1. 0) 
(I) 


where TE = Tractive Effort - 1b. 
Fp = Tractive Limit - lb, 
Wp (Me ~ 1.0) = Tractive effort equivalent of 
power train rotating inertias at 
5 mph. 
W,, = Performance weight - lb. 
Me = Effective mass factor. 
The corresponding 0-10 mph time is determined from Fig. 
5 with K calculated from the following equation: 


Fy + Wp (Me - 1.0) 
Soe) (J) 


K_ = An arbitrary constant. 

Fy = Tractive limit - 1b. 

Wp = Performance weight - Ib. 

Me = Effective mass factor. 

E, = Driving axle efficiency. 

The corresponding vehicle acceleration at V = 5 mph and 
at V for each successive car speed increment is calculated 
as shown below. 


(Fy q F)g 


Wp + Ww 


a at 5 mph = (K) 


a = Acceleration - ft/sec 

Fy = Traction limit - 1b. 

F =Road load thrust - 1b. 

g = 382.16 ft/sec? 

Wp = Performance weight - lb. 

Ww = Rotating inertia equivalent weight of two non-driv- 
ing wheels - lb. 


The acceleration value obtained from Eq. (K) is com- 
pared with that obtained during the evaluation of Eq. (20). 
The smaller of the two is retained for the numerical inte- 
gration of Eq. (20). 


Production Application of High Energy Rate 


HIGH ENERGY RATE process is defined as the application 
of high energy rate to the deformation of materials without 
the frame work of conventional heavy machinery. Three 
major methods of applying high energy rate to the deforma - 
tion of materials are explosive, hydroelectric, and pneu- 
matic -mechanical. 


Explosive Forming 


Explosive forming is the shaping of materials by the ex- 
ertion of sudden pressures from the explosion of a chemical 
charge. The shock wave and subsequent hydraulic action 
cause the material to take the shape of its die. 

Normally, a medium such as water is used to transmit 
these forces because the intense heat generated tends to burn 
the material. Water, or a fluid medium, is also used be- 
cause a more uniform pressure is experienced from the hy- 
draulic action. A third less important reason for using water 
is the natural muffling effect it has on the sound of the 
explosion. 

Although possessing certain advantages over mechanical 
presses, explosive forming cannot replace mechanical means 
of forming in producing high volume items. The real ad- 
vantage lies in the ability to form and size large, complex 
sections at fractional tool costs, and the elimination of ex- 
tremely large mechanical machinery. 
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Hydro-Electric Method 


The hydroelectric method has been described as under - 
water lightning. Again, the sudden release of energy is ap- 
plied to deform materials. In this method, electrical en- 
ergy is stored in capacitors and suddenly triggered. The en- 
ergy, applied through a water medium, is the same as in 
explosive forming. This method, like explosive forming, 
also has its limitations, and does not appear to be a replace- 
ment for the mechanical press. Advantages of the hydro- 
electric process read almost identical to those of explosive 
forming. However, there are two additional advantages 
which make it more versatile as a production method. The 
process is accurate and repeatable and, because of complete 
controllability, usable within a fully inhabited factory. 


Pneumatic-Mechanical Method 


A third method, called "Dynapak, " is a pneumatic -me- 
chanical means of applying high energy rate to the deform- 
ation of materials through the sudden release of compressed 
gas. Energy is stored in the form of compressed dry nitrogen 


362 


gas. This gas is released through a system of valves and ap- 
plied to a piston. The piston, ram, and header plate are 
driven at very high velocity, making contact with a bolster 
plate. The header plate contains the punch while the bol- 
ster plate holds the die, all of which is very conventional, 
except the high velocities employed in the mechanical ac- 
tion. This method, while semi-conventional, opens new 
avenues of metal forming and can, in some instances, use 
simple punches with complicated dies. 


Application of Explosive Forming 


These three methods of high energy rate applicationrange 
from laboratory research to full production. 

Explosive forming is the forerunner, primarily because 
it does not require mechanical or electrical devices other 
than those employed for handling materials and tools. Pro- 
duction application of explosive forming is most prominent 
in the aircraft, missile, and engine accessory fields. Ryan 
Aeronautical Co. , Aerojet General Corp. , North American 
Aviation, Inc., Rocketdyne Division of North American Avi- 
ation, Inc., Lockheed Aircraft Corp., Boeing Airplane Co. , 
and Convair installed facilities for research and production 
as early as 1957. Talco Engineering Co., Redondo Beach, 
Calif., and Mesa, Ariz.; and E. I. DuPont de Nemours, 
Wilmington, Del. , are currently using explosive forming 
methods. 

It is understandable why the main interest has been cen- 
tered with the airframe, missile, and engine accessory fab- 
ricators. First, these companies generally deal in relatively 
small quantities of parts. Second, the parts and hardware 
fabricated by airframe and engine companies are usually as 
dynamic as the finished or completed item itself, resulting 
in frequent configuration change. Third, all companies are 
looking for ways of stretching the defense dollar, and, to be 
sure, a 50% tooling reduction is one way of cutting costs. 
Fourth, the process is different, exotic, and challenging. 
The process challenges the metallurgical engineer and brings 
into the manufacturing picture the need for scientists, in the 
fields of shock wave phenomenon and hydraulics. 

Imaginations ran rampant when the process was first in- 
troduced to industry. At first, everyone believed that the 
current conventional methods would be replaced by the eas- 
ier and cheaper method which used explosives. Numerous 
articles were written and as many speeches were made, each 
emphasizing that this was the panacea that the metal work- 
ing industry had been seeking. Approximately, three active 
years have passed since the first blast of publicity. During 
this time, many among us have quiescently became wiser 

and assumed the practical approach in the use of this very 
important and versatile form of energy. 

After the first shock wave subsided at Convair-Fort Worth, 
we initiated technical studies and tests on explosives and 
their capacity to deform material. These studies provided 
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us with a great amount of technical data. These included 
effects of explosive types, shapes, and stemming on various 
shapes to be formed. Compilation of this data has permit- 
ted us to establish parameters of explosive type, shape, and 


‘weight to do a given forming operation. These parameters 


are relatively broad and we still rely heavily upon the en- 
gineer's practical knowledge of explosives and their charac - 
teristics. Continued use of explosives will generate more 
empirical data to be utilized in establishing more precise 
parameters. 

In addition to the above data, we began a systematic 
classification of shapes which we considered to be practical 
to form by explosives: 

1. Preformed hollow bodies (ultimate shapes). 

2. Cups (drawn from flat plates). 

3. Channels (straight and curved). 

4. Panels (flat and contoured). 

The path of least resistance was the order of business, not 
only at Convair-Fort Worth, in this instance, but at most 
other fabricators using explosives. The expansion of pre- 
formed hollow bodies and cup shapes were selected as the 
most economical application of this process. 

Fig. 1 shows one application of explosives to the expan- 
sion of preformed hollow bodies. The ball joint is made by 
precutting 301 annealed stainless steel tubing and nesting 
one within the other. These are then placed in the die shown 
in Fig. 2, A light charge of prepackaged gun powder is 
placed inside the tube and detonated. This results in a uni- 
form semi-airtight ball joint for the overboard dump system 
for the B-58 airplane. Fig. 3 shows two ball joints fitted to 
attaching flanges resulting in a universal joint in the anti- 
icing system for the B-58. 

Another application of explosives to preformed hollow 
bodies is shown in Fig. 4. This part is a cooling shroud for 
a ramjet engine. In this case, a type 310 stainless steel was 
preformed into a cylinder and welded. It was placed in the 
die shown in Fig. 5 and a cylindrical charge of PETN ex- 
plosives, 2 in. in diameter and 9 in. long was suspended 
within the chamber. The results are self evident. A com- 
plicated part was formed without the need of any machine 
tools. Conformation of convolutions and diameters were 
well within customers tolerances +0, 010 in. 

In Fig. 6, we see the application of explosives in form- 
ing a regular cup shape. In this case, the requirement was 
for the part to be made from 301 1/2h stainless steel, 24 in. 
in diameter with a 4 in. chord height. The tool (Fig. 7) for 
this cup shaped part was made in two pieces. The base is 
cast Kirksite with the hemispherical form and a steel draw 
ring. The upper case serves two purposes: (1) it acts as a 
draw ring, and (2) as a water tank in which the explosive 
charge is placed. The formation of this hemisphere is in- 
teresting because multiple charges created stresses within the 
material which caused the part to warp when trimmed. Al- 
though many variations of explosive charge sizes and shapes 
were tried, the hemisphere could only be formed with a sin- 
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Fig. 1—Ball joint 


Fig. 3—Ball joint production part 


gle charge. The 1/2 h 301 material had to be fully trapped 
to prevent compression wrinkles. 

Fig. 8 is an irregular cup shape selected for explosive 
forming because of the multiple strike and annealing oper- 
ations, which were required when the part was made on the 
drop hammer. Operations were reduced by explosive form- 
ing from five strikes to three and from four anneals to one. 
The part, a mounting for a ground cooling line on the B-58, 
is made from 6061-0 aluminum and is formed using two 5- 
gram explosive charges with only one annealing required 
between strikes. 

All parts discussed above plus many others have been 
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Fig. 4—Ramjet 
engine cooling 
shroud 


Fig. 5—Ramjet — ~~~ 
engine cooling 
shroud die 


made in our outdoor explosive forming installation. This 
installation (Fig. 9) is out-of-doors because of safety regu- 
lations established by state and local governments and com- 
pany policies. These regulations, while absolutely neces- 
sary, cause the process to be normally a fair weather oper- 
ation. With these limitations, plus the fact that generally 
the blasting site is located some distance from the main plant 
facility, explosive forming is economical only when applied 
to selected parts. The search is continuing for a practical 
method of generating controlled explosive forces of a desired 
magnitude and, yet, safe enough for in-plant detonation. 


Electricity, a Substitute for Dynamite 


Within the past year, Chrysler Corp., Republic Aviation 
Corp., and Convair announced that they have found a 
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Fig. 6—Regular 
cup shaped 
application 


Fig. 7—Die for 
regular cup 
shaped part 


Fig. 8—Irregular cup 


substitute for dynamite. The substitute is electricity. Con- 
vair engineers developed a high energy spark unit, classed 
as nonchemical-type high energy release method, to supple- 
ment explosive forming in study of shock waves and wave 
forms. Numerous experiments and tests were performed, 
during which it becameapparent that a distinct and vast 
source of controlled high energy was available. Here was 


explosive forming that could be used indoors. Here, too, 
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was one of the few direct applications of electricity to do 
work. 

Initial work was done using high voltages in a range of 
14, 000-22, 000 and 30-60 microfarads. Encouraging ex- 


periments showed that a sufficiently intense shock wave 


could be generated in water to form small sample parts. 
Sample materials were stainless steel, copper, and alumi- 
num. Pressures obtained were in excess of 80, 000 psi, well 
above the yield limits of the materials used in the experi- 
ments. It should be remembered that all the work done with 
these high voltages was done with a spark discharged from 


a bank of capacitors. 

As additional experiments were tried, it became essential 
for the power of the unit to be increased. This increase in 
power was realized by reducing the voltage from 22, 000 to 
4000 and the capacity increased from 60 to 1200 microfarads 
and with the addition at an initiating wire. This substantial 
increase in energy released is highly desirable in sheet met- 
al forming. 

An added bonus was derived from the reduction of volt- 
age. Complete elimination of corona leakages was obtain- 
ed, resulting in a safer operating unit. 

The energy contained in the capacitor bank is equal to 
14,580 joules or 10, 800 ft-lb. When this unit is fired, the 
initiating wire connecting the electrodes is transformed in- 
to a cylinder of metallic vapor. This vapor expands against 
the medium, in our case water, the inertia of which causes 
a pressure buildup in the approximate range from 15, 000 to 
20,000 atm. For example, other investigators tell us that 
a tungsten wire, upon vaporizing, will increase its original 
volume by more than 25,000 times. Surge peak of current 
is about 2 or 3 microsec and 40 microsec of total time is 
used to decay. This item, measured on a Hughes memo- 
scope, is shown graphically in Fig. 10. 

Another interesting variable, the variable wave front, 
was discovered and applied. This is accomplished by shap- 
ing the initiating wire. Sharp nosed, spherical, and plainer 
wave fronts have been observed. Each of these wave fronts 
can be put to use for a specific job of forming. 


Fig. 9—Explosive forming site 
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Fig. 10—Results shown by Hughes memoscope 


Fig. 11—Hi-vo pac unit 


The high energy spark unit is shown in Fig. 11 (HI-VO- 
pac unit). The portable metal box on the left contains ca- 
pacitors, switching circuits, variac control of power, charg - 
ing switch, and automatic or manual discharge switches. 
The desired voltage buildup is controlled by the variac and 
can be read in the voltmeter located on the control panel. 
Buildup and discharge after making the desired setting is in- 
itiated by merely pressing the release button. Upon acti- 
vating this button, the unit charges in 6 sec and then auto- 
matically discharges. The unit is sufficiently safe for oper- 
ation by nontechnical personnel and is located in the prox- 
imity of other plant activities with complete safety. 

In the application of this controlled and repeatable elec- 
trical explosive force, the most obvious departure from ex- 
plosive forming is the die design. Dies for high energy 
spark forming are completely closed. Fig. 12 shows several 
dies for forming airframe components. The closed die in 
the top center of Fig. 12 contains fixed electrodes to which 
is attached the initiating wire. The position of the elec- 
trode has been determined by experiments to give the most 
efficient wave front for the forming to be done. 

Each die has its own peculiar set of electrodes and initi- 
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Fig. 12—Hi-vo pac dies 


Fig. 13—Split die, blank, and die head electrode 


# 


Fig. 14—Hi-vo pac finished part 


ating wire. The dies can be completely closed because the 
gas volume generated by the vaporized wire is insignificant, 
if compared to the gas bubble created by a chemical ex- 
plosive. By closing the die, full advantage can be taken of 
the pressure wave and, in the case of tubular parts, the 
shock wave is reflected off the ends, creating additional 
energy. 

This closed die design, employed by Convair-Fort Worth, 
permits the use of epoxies as die material. | Epoxy resins 
have high compression strength and reasonable wear charac- 
teristics. Standard shells, in which the pattern is held, are 
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of various diameters. Resin is poured while the die is being 
vibrated. Vibrating the die is very essential in expelling all 
trapped air from the resin. The die is completed in about 
two days, including curing time for the epoxy resins, 

The following sequences are necessary operations in the 
forming of a part by hydroelectric process. Fig. 13 shows 
the split die, blank, and die-head electrode with initiating 
wire attached. The die is closed and the bottom plate in- 
stalled. The tube to be formed has a rubber wafer installed 
at its base, making the tube water tight. The tube is then 
placed into the die cavity and the tube filled with water. 
The cover plate with electrodes and initiating wire is in- 
stalled. The leads from the power unit are connected to 
the electrodes, the release button is pressed. In 6 sec, the 
unit charges itself and fires automatically, resulting in the 
finished part shown in Fig. 14. Of great interest is the fact 
that the operation of beading, expanding, and piercing of 
hole were done simultaneously. 

High energy spark, like explosion forming, obviously 
lends itself to expanding and sizing hollow bodies. This is, 
therefore, the most economical use for which it has been 
employed. This high energy rate method will take its place 
among the other production processes in sheet metal fabri- 
cating shops. 


Dynapak Machine 


The question is always asked, "What about forgings, im- 
pact extruding, and straight extrusion? Is there a high en- 
ergy rate device these industrial specialists can use? " The 
device in question exists and is marketed under the trade 
name of Dynapak. This is a pneumatic-mechanical ma- 
chine which releases stored high-pressure nitrogen gas to 
accelerate a piston to a high velocity, thus developing a 
high energy rate forming process. 

This principle of forming offers to the metal forming in- 
dustry a high energy rate device which can be used in forg- 
ing, forming, extruding, compacting, shearing, and blank- 
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Fig. 15 — Dynapak schematic 
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ing. To date, most of the effort in application development 
has been in forging, extruding, and "closed-cavity extru- 
sion molding." The latter is a coined term which pertains 
to the extruding of a material through an orifice into a vent- 
ed closed-cavity die. This process literally makes function - 
al the concept of parts being “born to shape. " 

Fig. 15 is a schematic of the Dynapak. It consists of a 
two-chambered cylinder, valve cocking assembly, piston 
ram assembly, bolster plate, tie rods, cushioning piston, 
nitrogen shock absorbers, and base frame. This entire unit 
can be mounted either in a horizontal or vertical position. 
The operation of the machine is simple. Chamber A is 
charged with nitrogen gas to the desired fire pressure. A 
trigger pressure is then applied to the small area between 
chambers A and B. This trigger pressure forces the trigger 
piston to an open position. Compressed nitrogen gas then 
passes through three large ports and acts upon the piston, 
driving it and the punch toward the work piece at a high ve- 
locity. Because the machine is mounted on a floating type 
support, the bolster plate also moves, toward the punch, 
when the machine is fired. The momentum from these two 
sources cancel each other as the part is formed. Therefore, 
all stresses are contained within the machine. After the 


part is formed, the piston is returned to the cocked position 
by pumping hydraulic oil into the forward section of cham- 
ber B, This action also recompresses the nitrogen gas cham- 
ber A to the original firing pressure. By changing the firing 
pressures, we vary the energy, and, by changing the weight, 
we vary the velocity of the ram. 

With this, we have a fully controlled, variable high en- 
ergy rate machine. But, what can be accomplished with 
this machine? 


Application of Dynapak 


Two progressive forging fabricators in the Los Angeles 
area decided to give this high energy rate device a whirl. 
The Precision Forge Co. was first. Their first customer was 
Convair-San Diego. Could they use this high energy rate to 
produce a forged gas tight corner, which would be structur- 
ally sound and require a minimum of machining? The part, 
shown on the right in Fig. 16, is used in the Convair 880 air- 
liner. It was being machined from the 4-lb 10-o0z blocker 
forging, shown on the left in the same photo, to a finish 


Fig. 16—Forged gas tight part 
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Table 1 - Savings Possible with Dynapak 


Conventional Forging Dynapak 
Tooling $2, 274. 00 $3, 600. 00 
Set Up 198. 00 65. 00 
Unit Price 6.44 5.75 

Machining 
Tooling 7, 454. 00 None 
Unit Price 51. 60 None 
$9, 984. 04 $3, 670.75 
Net Savings $6, 313. 29 


rr 


weight of 10 oz. 

Precision Forge Co. produced the part shown in Fig. 17. 
This part is finished forged from 2014 aluminum alloy in two 
strikes, The only machining required is the flash trim and 
the attach hole drilling. This method of producing the gas- 
tight corner has resulted in the dollar savings shown in Ta- 
ble 1, But this is an aluminum alloy, easily worked and not 
too costly. What about the tough ferrous alloys? 

An example of what can be done with high energy rate 
applied to a part made from 19-9 DL stainless steel is shown 
in Fig. 18A (internal view) and Fig. 18B (external view). 
This part had been machined from typical blocker forgings. 
Precision Forge Co. applied the high energy rate principle. 
Results included a reduction from $1200 to $600, and ma- 
chining operations reduced from seven to two, The result 
of the above reductions was a 75% overall savings by the 
customer. Another major factor was realized when this 
process was applied to forge this flange. When forged at 
2100 F and hot-cold worked at 1500F, greater strength and 
uniform and controllable work hardening resulted. Stated 
another way, this process resulted in an ASTM grain size 
No. 11. This is comparable to a conventional forging grain 
size of ASTM No. 5. These two examples of open die forg- 
ing appear simple and not too difficult to make. 

However, all new forging techniques, die material selec - 
tion, and die design required in this field are not completely 
established. Continued development by forgers will be re- 
quired to put this new process in full production use. 

The application of high energy rates to metals has been 
conclusively shown to yield improvements over conventional 
methods. This improvement was most prevalent in open die 
forging experiments that were conducted by Precision Forge 
Co. The results of these experiments included: 
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Fig. 17—Aluminum forged part 
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an 18A—Internal view of her forged 19-9 DL 


Fig. 18B—External view of her forged 19-9 DL 


Grain refinement. 
Improved surface finish, 
Precision tolerances. 
Sharper radii, 
Thinner sections. 
Closed- -cavity extrusion molding is defined as the forcing 
of metal in a semi-solid or plastic state through a small out- 
let (orifice) into a defined volume (die cavity) to produce 
a finished or semi-finished configuration with high physical 
properties. 
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The initial work centered around the effect of moving 
metal through an orifice into a closed cavity. These tests 
were conducted using the die (XJ-35809) shown in Fig. 19, 
This die is designed so that various orifice ratios can be em- 
ployed. An example of the results of these tests are shown 
in Figs. 20 through 23, 

Photomacrograph shows the flow lines of a 17-4 PH stain- 
less steel closed cavity extrusion (Fig. 20). Note the un- 
interrupted flow lines and the lack of slag inclusions, voids, 
or overlap. 

In the photomicrograph (Fig. 21) the ferrite stringer 
(white) shows the direction of flow due to rolling. In Fig. 
22 only the ends of the ferrite stringers are visible, which 
is to be expected. 

Photomacrograph (Fig. 23) shows the flow lines in an AI- 
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Fig. 19—Die XJ-35809 


Fig. 22—Photomacrograph with ends of ferrite stringers visible 


Fig. 20—Photomacrograph showing flow lines of 17-4 PH 


stainless steel closed cavity extrusion Fig. 23—Photomacrograph showing flow lines in an AISI 4130 


steel closed cavity extrusion 


Fig. 24—B-58 canopy pod hook 


sessing defined longitudinal or transverse structure, did not 


Fig. 21—Photomacrograph with ferrite stringer showing suffer a loss of tensile properties. 
direction of flow due to rolling : : 
Armed with this data, the next step was to select some 


part on the B-58 which offered a challenge. The challenge 


SI 4130 steel closed-cavity extrusion. As with 17-4 PH, it was met with the part on the left in Fig. 24. This canopy 
is characterized by uninterrupted flow lines, lack of slag pod hook is made of AISI 4130. It is welded from two 
inclusions, voids, or overlap. pieces, flange and hook. Certain structural problems were 

These simple tests indicate that materials did experience being experienced with this part and, from the earlier test 
a fluid behavior when subjected to the high energy rates. work, it appeared that good grain structure could be realized 


They also indicate that the material, while no longer pos- from the application of the closed-cavity extrusion mold- 
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Fig. 25—B-58 
canopy hook die 


ing process, 

The B-58 canpoy hook die shown in Fig. 25 was put in 
work. Die material selected was "Stentor," heat treated to 
hardness of 55-60 Rockwell C. 


Fig. 26 defines the evaluation of the canopy hook. Note 
that the forging temperature, billet diameter, and billet 
length remained constant. On the first trial with a 6. 25-in. 
stroke, 684 lb of weight on the ram, and 750-psi fire pres- 
sure the material barely entered the hook and flange cavity. 
For the second trial, only, the fire pressure was changed, with 
the encouraging results of more hook and more flange. 

Between the second and third trial the air bleeds were in- 
creased, both at the extremities of the flange and hook. The 
third trial was run With increased stroke, decreased ram 
weight. The final trial was made after the air bleeds were 
again enlarged and with increased fire pressure. 

The results are most dramatically portrayed in Fig. 24, 
with the original welded hook on the left and the Dynapak 
hook on the right. These tests were not without great dis- 
appointment. During the fabrication of the next successful 
hook, the die failed. The failure was attributed to lack of 
knowledge in tool steels and closer control of heat treating. 
Since this tool had to be rebuilt, several tool steel manu- 
facturers were brought into the picture. They are all sym- 
pathetic and see needs for a new die steel which is tough, 
abrasion resistant, thermal shock resistant, and has good 
elongation. We hope that a new die steel will soon be form- 


ulated with these characteristics. With improved die steels, 
we believe that this process can literally cause complex 
parts to be "born to shape. " 
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Fig. 26—Evaluation of canopy hook 


Production Application of High Energy Rate 


The application of high energy rate to production is 
feasible. However, there remains a considerable amount 
of development work still to be accomplished. The several 
processes are sound with only detail information remaining 
to be gathered before specific parameters are established. 
It must be recognized that each method of applying high 
energy rate has its own area of application. No one method 
is the panacea for the material processing industry. They 
should be applied only when the job cannot be done another 
way, the finished product will be better physically or when 
it can produce a part more economically. 

These processes still require a great amount of manual 
work. Handling devices for tools and material must be im- 
proved. In addition, an entire new concept will be required 
in the design of quick opening dies. Die design becomes 
more difficult because of the high internal pressures acting 
upon the material and the dies. 

With diligent effort from industry, it is certain that the 
maximum utilization of high energy rate in production will 
be made soon. Through the application of these new proc - 
esses, we offer to the design engineers unfettered design 
freedom. 


Case Crushing of 


Carburized and Hardened Gears 


STEEL HAS BEEN HARDENED in various ways since ancient 
times. Hardening of steel is referred to by early Greek and 
Roman writers, and even the ancient Egyptians heated iron 
(probably meteoric iron) in a forge until, by long contact 
with the charcoal, the surface became carburized and hard- 
enable. Although carburizing has probably been used more 
or less unintentionally for several thousand years, it was not 
until the comparatively recent date of 1781 that Bergman 
of Upsala pointed out that the difference between wrought 
iron, cast iron, and steel was in their carbon content. It is 
only within the last 50 years that carburizing has become 
more of a science and less of an art. 

One of the most common uses for carburized and hard- 
ened steel is in heavily loaded gears. In the recent past,en- 
gineers who were acquainted with the strength requirements 
designed the gears, but left the selection of carburized case 
thickness in the hands of the experienced heat treat foreman 
who generally specified case depths which were proportional 
roughly to tooth thickness. In this manner standards(1, 2)* 
came into being which specify case thickness on the basis 
of tooth thickness. 

These standards, however, are inadequate for many pres- 
ent day nonstandard gear designs. For example, Fig. 1 shows 
a pair of teeth from a standard addendum gear set and an- 
other pair from a long and short addendum set. The standard 


*Numbers in parentheses designate References at end of 
Paper. 
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Caterpillar Tractor Co. 


STANDARD ADDENDUM 


LONG AND SHORT ADDENDUM 


Fig. 1 — Effect of making case depth proportional to circular 
tooth thickness (carburized case shown crosshatched) 


addendum pinion and gear have equal tooth thickness and, 
on the basis of the above mentioned standards, equal case 
depths. The long and short addendum set, having different 
tooth thicknesses, are given proportional case depths. Even 
intuitively we feel that the member having the thicker case 
will support the heavier compressive load. However, there 
are stronger reasons for believing that case thickness should 
be chosen on the basis of considerations other than tooth 
thickness, and to show these it is necessary to discuss two 
types of gear tooth profile failures: pitting fatigue and case 
crushing, as they occur on carburized and hardened gears. 

This discussion is concerned only with the influence of 
case depth in resisting the compressive loads on gear tooth 
profiles. The question of how case depth is related to 
strength in bending is not considered. In general, however, 
our experience indicates that maximum strength in bending 
is obtained by using the thinnest case which will resist crush - 
ing. 


Characteristics of Pitting Fatigue and Case 
Crushing on Carburized and Hardened Gears 


Pitting Fatigue - Pitting occurs on the profile of a gear 
tooth and generally originates in the dedendum region of 
driving pinions in reduction gear sets. From the point of 
origin, a crack spreads in a characteristic V-shape toward 
the tip of the pinion tooth. This crack extends a short dis- 


tance into the hard case and then travels nearly parallel with 
the surface, after which it returns to the surface. Fig. 2 


Fig. 2— Crack which led to pitting in carburized and hardened 
gear 
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Fig. 3 — Crack which accompanied case crushing of carburized 
and hardened gear 


Fig. 4 — Case crushing cracks in final drive test pinion 


shows such a crack in process of growing. Notice that the 
crack is at an acute angle to the surface and does not nec- 
essarily extend into the softer core material. When the main 
crack, or any of its offshoots, returns to the surtace a flake 
of material is completely separated from the tooth, leaving 
a shallow cavity or pit. Usually the pits occur on several 
teeth and increase in size and number with continued opera- 
tion of the gears until the remaining tooth surface is unable 
to sustain the load. 


Case Crushing - A different form of gear tooth failure 
which we call case crushing has been seen on a number of 
test gears. Fig. 3 shows a cross section of a gear tooth which 
failed by case crushing. Notice the marked difference in 
appearance of this crack from that in Fig. 2. The crack in 
Fig. 3 not only extends below the hard case, but most of its 
length is in the softer core material. Also, the offshoots 
which extend to the surface are perpendicular to the surface. 

Fig. 4 shows the appearance of one tooth on a final drive 
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Fig. 5 — Appearance of pin- 
ion tooth from Fig. 4 after 
removing cracked case 


Fig. 6 — Case crushing fail- 
ures from three final drive 
test pinions 


pinion from one of our tractors used for development work. pearance of having been gouged longitudinally. 
The case cracks extend across most of the tooth face width, It is interesting to note that Merritt(3) has observed sim- 
but no pits are evident. Also, the cracks are not limited to ilar failures on case hardened or surface hardened gears. He 
the addendum or dedendum regions, but extend over most calls the failure cracking or flaking and suggests a number 
of the tooth profile. This is the only tooth on the pinion of possible causes, among which are insufficient case depth 
which showed cracks; none of the mating gear teeth were and low core strength. 
cracked. Visual evidence of case crushing commonly is Another characteristic of case crushing failures is that 
seen on only one or two teeth while the remaining teeth are visual evidence of the failure appears suddenly, often with- 
apparently sound. We have found, however, upon cross-sec- out any warning signs on the tooth surfaces, and sometimes 
tioning apparently unmarred teeth, that some contained after a long period of otherwise successful operation. Some 
cracks leading to the surface. test gears have run under constant load in our 4-square ma- 
Fig. 5 shows the exposed core material, of the same tooth chines(4) for more than 20,000,000 load cycles, during which 
illustrated in Fig.4, after the tooth was broken off the pinion time, periodic inspection disclosed no unusual visible marks 
and the case fragments were removed. on the tooth surfaces. Yet within a few thousand additional 
Case crushing in its final stages is shown by the three ex- cycles, one or more tooth profiles were completely destroy - 
amples in Fig. 6, all of which came from final drive test ed. In one or two instances we have seen case crushing fail- 
pinions. On the upper and middle teeth, cracks are visible ures lead to gear tooth fractures through the crushed portion 
in the portions of the profiles still remaining. In the region of the profiles. 
near these cracks, the walls of the cavity drop sharply from The differences between pitting and case crushing fail - 
the tooth profile due to the cracks being perpendicular to the ures are summarized by listing their chief characteristics in 
surface. On the middle and lower teeth, removal of the case Table 1. 
proceeded so far that portions of the unloaded profiles were re- Case crushing and pitting fatigue are clearly two distinct 


moved. On all three teeth the failed portion has the ap- types of failure, and early test results indicated a correla- 
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Table 1 - Summary of Differences Between Pitting 
and Case Crushing Failures 


Pitting Case Crushing 
Physical appearance Shallow Deep; ridged 
Occurrence Gradual Sudden 
General shape V-shape Longitudinal gouge 
Distribution Many teeth = One or two teeth 
Direction of Acute angle Normal to surface 
surface cracks to surface 


tion between the incidence of case crushing and thickness of 
the carburized case. 


Theory of Case Crushing Failure 


The investigation of case crushing failures led to a study 
of the shear stresses within a gear tooth. The maximum 
shear theory of failure is frequently used in the design of ma- 
chine parts, but it is usually applied to ductile materials. 
We believe that case crushing failures are due, not tomaximum 
shear, but are related to the ratio of shear stress to shear strength 
of the material at the subsurface level where the hardened case 
meets the softer core. This can be shown by describing first 
the manner in which the shear stress/shear strength ratio 
(hereafter called stress/strength ratio) is calculated, and then 
the results of applying the analysis to a number of test gears. 

Calculation of the stress/strength ratio can, in turn, be 
subdivided into two parts: 

1. Calculation of the subsurface shear stresses in a gear 
tooth. 


CONTACT SURFACE 


Fig. 7 — Pressure distribution on contact surface of two 
cylinders 
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2. Calculation of the subsurface shear strength of the ma- 
terial. 

Calculation of Subsurface Shear Stresses - If two mating 
gear teeth are assumed to be equivalent to two mating cyl- 
inders having curvatures equal to those of the gear teeth at 
the line of contact, the subsurface stresses can be calculated 
by methods described by Radzimovsky(5) and based on the 
work of Thomas and Hoersch(6)._ When two cylinders are 
pressed together, the pressure distribution is as shown in Fig. 
7. The principal stresses ox, Oy, and oz at points in the 
XZ plane and at various depths below the surtace can beplot- 
ted as in Fig. 8. To generalize the curves, the ordinates 
are in terms of b, half the width of the band of contact, and 
the abscissas are in terms of Pyax., the maximum contact 
pressure. The shear stress, T45 deg, on a plane at 45 deg 
to the Y axis and parallel to the Z axis, is computed from 


the relation 


Ox - 
Sete aes 
Ta5 deg 5 


The values of t45 deg (for points beneath the surface and 
in the XZ plane) have also been plotted in Fig. 8, where 
it is seen that T45 deg reaches a maximum value at a depth 
approximately 0. 78b below the surface. The value of 745 
deg at this point is frequently used in applying the maximum 
shear theory to analyses of pitting failures. 

In case hardened parts there are also residual stresses, re- 
sulting from heat treatment, that atfect the stress picture. 
As an example of their magnitude, the residual stresses in 
the tangential and longitudinal directions (Y and Z direc- 
tions, respectively, in Fig. 7) ina 1-3/4 in. diameter car- 
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Fig. 8 — Distribution of stresses in cylinder due to normal load 
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Fig.9 —Typical residual stress components and hardness 
gradient for carburized and hardened cylindrical bar 


Fig. 10— Typical stresses due to normal load and residual 
stresses 


burized and hardened steel bar have been found to be nearly 
80,000 psi in compression at the surtace, and to reacha max- 
imum of almost 60, 000 psi in compression within the hard- 
ened case. When the residual stresses oxy, Oyr, and ogy, in 
the X, Y, and Z directions, respectively, tor a carburized 
and hardened cylindrical bar are plotted on axes similar to 
those in Fig. 8, the general shapes of the resulting curves 
are as shown in Fig. 9. The hardness gradient curve for such 
a bar is also shown in the figure, but is plotted with hard- 
nesses as abscissas and depths as ordinates instead of in the 
usual manner. Actual values of the residual stress compon- 
ents can be obtained from work done by the SAE Iron and 
Steel Technical Committee, Division IV(7). 

When the principal stresses ox, Oy, and oz (Fig. 8) pro- 
duced by pressing the two cylinders together, are added to 
the residual stresses Ox, Gyr, and oz; (Fig. 9) in a cylinder, 
the resulting principal stresses, when plotted, will be simi- 
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lar to the curves in Fig. 10. The shear stress, T45 deg, is 
also plotted in Fig. 10. It is evident that when the residual 
stresses as well as the stresses produced by the normal load 
are considered, the 745 deg shear stress curve has two math- 
ematical maximum points. This shear stress curve will be 


used in computing the stress/strength ratio after some con- 


sideration of the method of calculating the shear strength of 
the gear tooth. 

Calculation of Subsurface Shear Strength - The shear 
strength of the material can be estimated by cross section- 
ing the gear tooth first and obtaining a hardness gradient 
curve, similar to the one in Fig. 9, in the region of the line 
of contact. Several publications (8,9,10) provide conversions 
from hardness to average tensile yield strength, based on the 
assumption that 90% or more of the material is martensite. 
With the additional assumption that tensile yield strength is 
proportional to yield strength in shear, a curve such as that 
in Fig. 11, for converting hardness to average shear yield 
strength, can be drawn. The hardness gradient curve can 
then be converted to a shear yield strength curve, shown in 
Fig. 12. In this figure the shear yield strengths are plotted 
as abscissas and depths below the surface as ordinates to ta- 
cilitate comparison with the shear stress curve plotted sim- 
ilarly. 

Calculation ot Stress/Strength Ratio - When a shear stress 
curve (745 deg) as in Fig. 10 and a shear strength curve as 
in Fig. 12 are plotted to the same coordinate axes, the re- 
sult is similar to Fig. 13. Although these are generalized 
curves, their individual shapes as well as their relationship 
to each other are typical tor carburized and hardened gears. 
Fig. 13 shows that the shear stress is very near a maximum 
value at a depth where the hardened case meets the softer 
core material (the "knee" of the shear yield strength curve). 
In the same region, the shear stress is greater in proportion 
to the shear strength than at any other depth. This is illus- 


HARDNESS ~ Re 


Fig. 11 — Curve for converting hardness to average yield strength 
in shear 
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Fig. 12 — Typical shear yield strength curve for carburized and 
hardened gear 
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Fig. 13 — Subsurface shear stress compared to shear yield 
strength of carburized and hardened gear 


trated in Fig. 14 where the ratio of shear stress to shear 
strength is plotted against depth below the surface. The 
shear strength curve from Fig. 13 is repeated here for com- 
parison. 

At about the depth where case and core meet, the stress/ 
strength ratio reaches a maximum value but the compressive 
residual stresses are small enough to be negligible. By 
comparing the two curves in Fig. 9, it is seen that the re- 
sidual stresses are in tact very small at the case-core bound- 
ary (at the depth indicated by the broken line). Koistinen 
(11) has also observed this characteristic ot residual stresses 
in carburized cases: "The reversal in the sign of the residual 
stress from compression in the case to tension in the core oc- 
curs at or very near the case-core boundary." Therefore, 
at the depth of the case-core boundary the shear stresses pro - 
duced by the load are not affected by any residual stresses. 
The maximum value of the stress/strength ratio for a par- 


375 


2 
iSTANCE BELOW 

SURFACE 
{b) 


Fig. 14 — Variation of stress/strength ratio with depth 
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Fig. 15 — Experimental results 


ticular gear can then be obtained simply by computing the 
shear strength and t45 deg due to load, both in the region 
where case and core meet. 


Some Experimental Results 


Assuming there is a critical value for the stress/strength 
ratio above which case crushing occurs, the above analysis 
was applied to a number of test gears. These include ex- 
perimental! tinal drive and bevel gears tested in our tractors 
as well as transmission type gears tested in the 4-square ma- 
chines. All of the gears were made from SAE 8600 series or 
8700 series steel and were carburized and hardened. Diam- 
etral pitches ranged from 2 to 3, 

Of the gears examined, some had failed by case crushing, 
others had failed by pitting, and some (runouts) showed no 
signs of failure. The maximum stress/strength ratios, which 
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varied trom 0.30 - 0.70, have been plotted in Fig. 15 where 
they have been arranged in descending order from left to 
right. Letter designations have been used on the horizontal 
axis for identification purposes only. Each letter represents 
the result of a single test except that test C represents 3 case 
crushing failures and test D represents 4 such failures. These 
were condensed in Fig. 15 since the gear geometries, case 
depths, and loads were similar. 

The results fall into three categories or zones: 

1. Zone 1 in which case crushing is unmistakable ahd 
where the maximum stress/strength value is above 0. 60. 

2. Zone 2 in which it is more difficult to decide trom a 
visual inspection whether the failure is case crushing or an 
advanced stage in pitting fatigue. 

3. Zone 3 in which pitting gccurred on some ot the gears 
and the remainder did not fail at all. 

The zone boundaries shown in Fig. 15 are only approxi- 
mate and can be defined more exactly on a statistical basis 
when more test results are available. 

At this time we feel that the maximum stress/strength ra - 
tio should be no more than 0.55 in order to prevent case 
crushing. It must be emphasized that this critical value ap- 
plies only to the type of failure here described as case crush- 
ing and does not pertain to pitting fatigue since, as Fig. 15 
illustrates, pitting can occur when the maximum stress/ 
strength ratio is less than 0.55. 

If the above method of analysis, when applied to a par- 
ticular gear set, leads to the conclusion that case crushing 
failure will result, one of the available remedies is to in- 
crease the strength of the material in the case-core bound- 
ary. This can be done by increasing case depth, increasing 
core hardness, or a combination of both. Thus it is seen 
that, when resistance to case crushing is considered, case 
depth is not necessarily related to tooth thickness, but is 
more strongly influenced by the radii of curvature at the 
point of contact, the load, and the core hardness of the ma- 
terial. 

Throughout this analysis we have concentrated on its ap- 
plication to carburized and hardened gears. However, we 
feel the method should be applicable as well to other case 


hardened gears such as those which are nitrided or carbo-ni- 
trided. A recent failure in case crushing (not included in 
Fig. 15) on a nitrided 12-pitch test gear in which the stress/ 
strength ratio was 0.58 helps to confirm this opinion. 


Summary 


The primary object of this investigation was to produce 
a more rational approach to the selection of case thickness 
of carburized and hardened gears than is evident in present 
standards. This paper shows the need, and provides a meth- 
od, for a more reasonable selection of case depth. This 
method is useful not only as a design tool but is an aid in 
determining the cause of failure on gear tooth protiles. E- 
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qually important, we feel, is the separation of a distinct type 
of failure, case crushing, from the large number of gear tooth 
profile failures usually simply called pitting fatigue. By thus 
narrowing the field, the continuing investigation of pitting 
fatigue can be pursued more directly and, we hope, more 
fruitfully in the future. 
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Case Crushing as opposed 
to Pitting 


H. E. Merritt 
Consulting Engineer 


THIS IS AN interesting and valuable paper on a somewhat 
neglected aspect of gear failure. One must agree with the 
author's contention that the basing ot case depth on tooth 
thickness is unsound, but is it not true to say that it is more 
commonly based on the diametral pitch? This avoids the 
anomaly represented by Fig. 1, because the use ot long and 
short addendum makes little difference to tooth thickness at 
the mean depth. 

The authors make a good case for the theory that case 
crushing is a form of fatigue failure in shear. What might 
be underlined is the basic difference between this form of 
fatigue failure, and the fatigue failure called pitting. The 
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latter, usually begins as a tensile fatigue failure at the sur- 
face under the influence not only of the tensile component 
of the static Hertzian stress system, but also of the tangen - 
tial stress due to friction and the thermal stresses(1). Pitting 
failures give a log-S/log-N plot exactly comparable to that 
in bending fatigue; but it would appear that there are not 
yet enough data to permit case-crushing tatigue to be so 
plotted. 

It is suggested that a case-crushing failure may be trig- 
gered by a surtace crack,and developed by the stresses which 
would ultimately cause pitting. Such a crack would change 
the stress-distribution below the surface in a rather radical 
way. In the writer's experience, case-cracking is a quite 
rare phenomenon, and would not normally be expected in 
teeth having case depths of the order shown in the illustra - 
tions in the paper, at least as regards Fig. 2. The case- 
depth in Fig. 3 seems rather shallow for a heavily loaded 
pinion. 

The authros presage rather than amplify a specific meth- 
od of arriving at the desirable case depth. The starting point 
is a criterion of contact stress. In British practice, the cri- 
terion introduced by the writer some 30 years ago is the "sur- 
face stress criterion Sc" which represents the load per inch 
of line of contact per inch of relative radius of curvature. 
In association with "Zone factors"charted for the range of 
tooth-number combinations, the quantity Sc is an explicit 
and known item in calculation. 

The width of the band of contact w (= 2b) is then given 
by: 

m 
Sc: E (A) 
m 


w = 3.05 Fe 


Fe = load per inch of line of contact 
modulus of elasticity of the (similar) gear 
materials 


les] 
I 


The case depth would then be made equal to K. w where 
K could be derived, for any material, by the kind of analy- 
sis given in the paper. The general result is that the case 
depth, tor a given pitch, will increase as the harmonic mean 
of the numbers of teeth in the mating gears. 


A point that should be made in connection with the pit- 
ting of case hardened gears (and it may have some connec - 
tion with case crushing as well) is the vulnerability of the 
teeth along the pitch line (the intersection of the pitch cyl- 
inder with the tooth surface). As the band of contact passes 
across the pitch line, the surfaces still in contact reverse 
their direction of relative sliding. This can lead to a form 
of surface failure which the writer calls "pitch-line fissure" 
and is quite different in appearance from ordinary pitting; 
it can occur quite early, whilst regular pitting of addenda 
and dedenda does not occur. 


One might also refer to the question of how case depth 
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is to be specified, since the values derived from the appear- 
ance of a fracture, etching, and microhardness testing are 
all different. 
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Stress-Strength Relationships 
and Case Depth Determination 


J.D. Graham 
International Harvester Co. 


SEVERAL contributions have been made to gear technology 
in this paper. 

1. The definition and clearly detailed description of a 
badly confused type of gear failure is timely regardless of 
the name used to describe it. 

2. The extreme importance of an understanding ot stress - 
strength relationships where gradient stresses exist is accent- 
ed and an approach to the problem outlined. 

3. Perhaps most welcome, another nail is driven into 
the coffin for the idea of case depth based on chordal thick- 
ness of the gear tooth. 

Case Crushing, or Spalling - The failure described by 
the authors as case crushing has been called by several names 
over the years. In this paper it is carefully and clearly de- 
scribed and I am thoroughly in agreement with the details 
of this description. Many engineers have chosen to call this 
failure "spalling" and it is so designated by the American 
Gear Manufacturers Association, even though the definition 
is somewhat vague. This paper should lead to a clear under- 
standing of this type of failure as contrasted with other types 
of surface damage, and perhaps to a universal adoption of 
a properly descriptive name. 

That this is a clearly different phenomenon than pitting 
is well brought out. To emphasize the distinctive nature of 
spalling, attached are three photographs of hypoid pinions, 
tested under very heavy load. Fig. A shows the presence of 
a crack in the center of the tip of the tooth. In this type of 
pinion such a crack usually precedes spalling. This tip crack 
is apparently confined to hypoid pinions - it is undoubtedly 
related to the unique progression of a small contact area to- 
wards the tip of the pinion accompanied by heavy sliding 
friction. The origin of this crack is still a matter of wiscus- 
sion. It is possible that subsurface failure of the type shown 
in Fig. 3 may progress to the tip of the tooth for its first exit 
to the surface, and we have evidence that this is sometimes 
the case. We have also considered the possibility that this 
crack is formed by progression of plastic flow in the area of 
maximum stress-strength ratio to the tip of the tooth, some- 
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Fig. B— Hypoid pinion — appearance of cracks on tooth face 


Fig. A— Hypoid pinion — crack in center of tip of tooth 


what the way a toothpaste tube may split at the bottom it 
squeezed too hard. 

Fig. B shows the appearance of cracks on the tooth tace, 
very similar to those shown by the authors in spur gears, Fig. 
4. 

Fig. C illustrates a more advanced case of spalling. The 
tip crack can still be seen, as can the typical cracks in the 
tooth face, and the longitudinal gouged appearance. 


Stress-Strength Relationships - The attempt to understand 
the performance of critical parts such as gears by relating 
stress and strength gradients is well remembered from Wood- 
vine's work of the early twenties - in fact charts such as the 
authors' Fig. 13 are often called Woodvine diagrams. H w- 
ever, little use has been made of them in the literature, and 
the present paper demonstrates a graphic new approach in the 
use of a stress-strength ratio curve. The obstacles to this 
technique (as in many areas of engineering), are primarily 
our ignorance of real values, and the necessity to make as- 
sumptions that are often rather vague concerning residual 
and applied stresses. The results, however, are demonstr- 
ably more reliable than the alternatives of guesswork and 
tradition. 

In considering failure of the hypoid rest pinions discussed 
above, this approach was attempted but was handicapped by 
the extreme complexity of applied stresses in hypoid gears 


Fig. C— Hypoid pinion — more advanced case of spalling 
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and inability to calculate these stresses on a specific basis. 
Fig. D shows the shear strength distribution near the surface 
of two pinion teeth at the pitch line. When run at severe 
overload, pinion A failed by bending fatigue at the root of 
the tooth with no sign of spalling, while pinion B developed 
the typical subsurface failure previously shown. The con- 
ventional shear stress distribution is shown, and while the 
maximum shear stress reached in this test cannot be properly 
determined, it is obvious that the principles brought out by 
Mr. Pedersen and Mr. Rice are demonstrated here. 

To further illustrate this point, Fig. E shows a number of 
test pinions all run at the same severe overload. It can be 
seen that the strength at a depth of 0.100 in. below the pitch 
line is directly related to the occurrence of spalling. 

Case Depth Determination - For years metallurgists have 
attempted to discourage the practice of tixing case depth 
requirements on the thickness of a gear tooth, but have often 
been brought back to this practice by lack of some sound 
theoretical approach. This paper makes an\important con- 
tribution to our growing knowledge in this manner. Two 
points need to be accented, however. 

1. The determination of stresses in a gear may be a 
complex problem, depending upon the gear design and ap- 
plication, and considerable difference of opinion exists in 
determining applicable strength factors from a hardness tra - 
verse. 

In applying the approach described in this paper to very 
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Fig. D— Shear strength distribution near surface of two pinion 
teeth at pitch line 
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similar gears using the exact methods of calculation used by 
the authors, advantage can be taken of their experimental 
work, In all other cases the critical stress-strength ratio 
should be determined experimentally, since this figure is | 
relative and not specific. 


2. Considering only the relationship shown in Fig. 13 it 
would appear that case depth is relatively unimportant and 
core hardness alone needs to be controlled. As pointed out 
by the authors, this is not the case. I feel sure that this ap- 
parent contradiction arises from the fact that the maximum 
stress-strength ratio is not always located at the case-core 
junction. 

These factors accent the need for more information re- 
lating theoretical evaluation of gears with their performance, 
and the authors have made a lasting contribution to this in- 
formation. 


Author’s Closure to Discussion 


We wish to thank Dr. Merritt and Mr. Graham for their 
formal discussions of the paper, as well as others who have 
personally expressed interest in the subject matter. 

As Dr. Merritt implies, we do not have enough data to 
attempt to plot case-crushing failures on a log S/log N chart. 
Since these failures depend not only on the applied stress but 
also on the state of the residual stresses (which are in turn 
the result of case depth), it may prove more profitable to 
plot some function of the maximum stress/ strength ratio a- 
gainst number of load cycles, when more test results are a- 
vailable. The case depth in Fig. 3 was deliberately made 
shallow, since the test gears had a case depth range of 0.5- 
2.2 mm. 

Mr. Graham has drawn attention to the assumptions which 
were made in determining the average shear yield strength 
from a hardness traverse. The conversion curve of Fig. 11 
is based on the assumption that yield strength in shear is half 
the yield strength in tension. As Mr. Graham points out our 
particular assumptions influenced the value (0.55) which we 
determined experimentally to be critical for the maximum 
stress/strength ratio. Different assumptions would lead to a 
somewhat different critical value. 

In reference to Mr. Graham's second comment ragarding 
Fig. 13, we believe the apparent contradiction can be clari- 
fied by illustrating the state of subsurface stresses for a "nor- 
mal" case depth and for a reduced case depth under the same 
externally applied load. 

Fig. F diagrams the shear stress curve (T45 deg) due to 
load, the strength curve. and the matching residual stresses. 
Fig. G is similar to Fig. 13. These two figures merely il- 
lustrate the stress and strength conditions for a given loadand 
hardness gradient. 

If the case depth is now halved but core hardness is un- 
altered (as in Fig. H), the strength gradient curve and the 
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Fig. F — Shear stress curve (T45 deg) due to load, strength curve, 
and matching residual stresses 


OEPTH 
BELOW 
SURFACE 


=qco= == 


CASE - CORE 
BOUNDARY 


Fig.G—Stress and strength conditions for given load and 
hardness gradient 


residual stresses change - although we are assuming the stress 
value at the surface as well as the maximum value will be 
approximately the same as for the original case depth. The 
applied shear stresses (T45 deg) do not change since the load 
is unchanged. 

The new residual stress curves bring about an adjusted 
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450 Fig. E— Number of test pinions run 
at same severe overload 
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Fig. H — Case depth halved but core hardness is unaltered 
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shear stress curve like that in Fig. I. Here the second “max- 
imum point" on the stress curve is again near the nose of the 
strength curve and close to the case-core boundary. Also, 
the maximum stress/strength ratio is higher than it was for 
the thicker case. 

Thus, we feel control of case depth is as important as 
control of core hardness. But a change in case depth affects 


not only the strength curve but also the adjusted shear stress 
curve. 


Handling Requirements 


THE FIRST requirement in a paper intended to discuss auto- 
mobile handling is to define the term "handling, " itself. A 
simple way to approach this is to say that whereas "ride" 
has to do primarily with the carrying of vertical loads and 
the isolation of road-originated dynamic forces from the 
passengers, “handling” has to do with the lateral support giv- 
en the car by the tires and suspension system. 

More specifically, it can be described as the car's be- 
havior when it is steered into a path, and its ability to stay 
on that path. If a car can be controlled with ease, if it has 
good inherent directional stability, and if it can be driven 
safely for hours on available roads and at accepted speeds 
with no undue strain on the driver, we can say that this car 
handles well. 

There are two parts of the handling problem to be con- 
sidered: the car or machine and the driver. This car-driver 
combination or control system includes objective and sub- 
jective qualities, This discussion will deal primarily with 
the objective part, the car. 

We will assume that the ability and general requirements 
of the driver as a part of the control system are well enough 
known by the automobile engineer to enable him to include 
properly the subjective part of the handling problem in his 
considerations. 

It should be stressed, however, that considerable research 
work is desirable to understand better the car-driver control 


system. 
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This leaves us with control and stability of the machine, 
or lateral response in the three degrees of lateral freedom: 
yaw, roll, and side-slip. a 

The problem can be analyzed by breaking it down into 
its essential properties. First of all, there is a relatively 
firm and constant support for the car -- the four footprint 
areas of the tires. All forces acting on the car are reacted 
at these four spots. For good handling the results of the 
forces acting at these spots must be predictable and consis- 
tent under the ever-changing conditions to which the car is 
exposed. Considering that these conditions include such 
widely varying circumstances as straight-ahead driving, cor- 
nering, accelerating, braking, fighting side winds, pitch- 
ing, bouncing, yawing, and rolling, all on a wide variety 
of road surfaces and shapes, we can appreciate the compli- 
cations encountered in making a vehicle that does indeed 
handle well. 

With this in mind, it can be said that an automobile must 
satisfy the following five requirements: 

(1) Cornering ability 

Briefly, this means that the car must be capable of with- 
standing a maximum amount of lateral acceleration per de- 
gree of tire slip angle. 

(2) Directional stability 

The car must have steering characteristics built in which 
make it directionally stable. It is not sufficient that the 
steering tendency merely be neutral. 


382 


(3) Wind stability 

The car must not wander in gusty side winds. 

(4) Response 

Proper response to the driver's commands is essential for 
good control. 


(5) Feed back 

The car must somehow indicate to the driver what the 
moment-to-moment conditions are at the tire footprint 
areas. 

All of the above requirements are dependent only upon 
the mechanism of the automobile. They are valid whether 
or not the driver is anywhere near the car and as such can 
be evaluated for the steady state and transient conditions. 

The handling characteristics of a car can be tailored by 
taking advantage of tires, weight distribution, suspension 


geometry, suspension deflection, roll stiffness distribution, 
and location of the center of aerodynamic pressure. In so 
doing, of course, the engineer must know the type, the 
magnitude, and the direction of the forces and moments 
likely to be introduced either by the driver through the use 
of the steering wheel, or from the outside by wind and road 
disturbances, 


Dynamic Attitude Control 


Before going further with a detailed discussion of the five 
main handling requirements, it is necessary to consider an- 
other area of typical high-powered American cars with low 
wheel rates which can restrict us in selecting the geometry 
of the front and rear suspensions required for best handling. 
This is dynamic attitude control, or the reduction of pitch- 
ing, which must be provided for in order to maintain a flat 
ride during acceleration and braking. 

Pitch is introduced to the car not only by road irregulari- 
ties but also by dynamic load transfer under acceleration and 
braking. It can be controlled -- but not entirely eliminated 
-- by careful attention to the geometry of the front and rear 
suspension systems. 

Let us examine some of the choices open to the designer 
in working to restrict pitching. Fig. 1 is a simplified free 
body diagram of a conventional rear-drive car with unsprung 
differential and brakes. The acceleration inertia force W/ 
g * a acts at the center of gravity and at the rear wheels, 
The dynamic load transfer from the front to the rear is rep- 
resented by the formula W/g+ a- h/I. If the kinematic 
instant center of the rear suspension is located anywhere a- 
long the line of action of the resultant R of these forces, no 
displacement of the rear springs will occur under accelera- 
tion, This is because the resultant force has no moment arm 
with which to apply a torque about the instant center. 

However, since there is no fore-and-aft force on the front 
suspension, nothing similar with its geometry can be done 
to prevent the front end of the car from rising under accel- 
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Fig. 1—Dynamic forces on the car during acceleration 


Fig. 2—Dynamic forces on the car during braking. Brake torque 
distribution 60% front, 40% rear 


eration, except to decrease it somewhat by using a high 
front wheel rate in rebound. To reduce or even eliminate 
pitching, however, we can select an instant center location 
for our rear suspension above the neutral line so that the rear 
of the car rises with the front. 

Fig. 2 shows the same car when braking, with a brake 
torque distribution of 60% front and 40% rear. Again, if the 
instant centers of the front and rear suspensions are located 
along the lines of action of the two resultants R¢ and Ry, the 
car will stay at its normal static height under braking. 

Fig. 3 shows the car with the neutral, or zero deflection, 
lines for both braking and acceleration. As was noted ear- 
lier, it is permissible to deviate from the neutral line, de- 
pending upon the design objective. For practical purposes, 
the instant center may be located anywhere within the area 
of a sector on both sides of the neutral line. These sectors, 
or areas of freedom, are shown in the illustration. In gen- 
eral, the dark areas are considered desirable, and the light- 
er areas questionable. 

Obviously, in all cases a compromise must be made be- 
tween the car's attitude under acceleration and under brak- 
ing. We must also keep in mind the limitations imposed by 
the need to avoid harshness and change of wheel caster. 

Appendix I gives a sample calculation of car attitude con- 
trol considerations which may help the understanding of 
these relationships, 

Fig. 4 illustrates the conditions for a car with sprung dif- 
ferential and sprung rear brakes. Note that the instant cen- 
ter of the rear suspension has to be located quite high. Since 
this can interfere with other car design features, the designer 
must accept more of a compromise in dynamic attitude with 
this type of rear end design, 

Fig. 5 shows the requirements tor a high-powered car with 
front and rear springs interconnected. Because of the ex- 
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Fig. 3—Instant center location for attitude control with a live 
rear axle and unsprung brakes front and rear 
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Fig. 4—Instant center location for attitude control with a rear 
ee differential, sprung rear brakes, and unsprung front 
brakes 
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Fig. 5—Instant center location for attitude control with 
interconnected springs, sprung differential, sprung rear brakes 
and unsprung front brakes 


tremely low pitch rate of such a design, the possible loca- 
tions for the instant centers are very restricted. 

These limitations on front and rear suspension geometry 
complicate the handling problem because they can affect 
the selection of roll steer, roll axis location, and the phys- 
ical location of suspension pivot points. In addition it is im- 
portant to take care that in controlling attitude, excessive 
tire scuff, brake hop, or power hop are not built into the car, 

With this background behind us, we can now redirect our 
attention to the subject of handling requirements. As noted 
earlier, five requirements must be satisfied if the car is to 
handle well: 


1. Cornering ability. 
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2. Directional stability. 
3. Wind stability. 

4, Response. 

5. Feedback, 


Cornering Ability 


Ultimate cornering ability is an important criterion of 
the handling properties of a car. In the absence of com- 
plete tire data at high slip angles, the best measure ot cor- 
nering ability seems to be the lateral acceleration per de- 
gree of slip angle. To eliminate the weight tactor and sim- 
plify comparisons it is convenient to use the cornering co- 
efficient, which is cornering power per unit vertical load - 
Ib/(deg x lb). Thus, we try to develop a car concept which 
allows the tires to develop the maximum cornering power, 
or force per degree slip angle, of which they are capable. 

Theoretically, the best that can be done in this respect 
would be achieved -- to take the simplest example -- with 
a vehicle having its center of gravity located at the ground, 
equal weight distribution, roll axis along the ground, a tire 
camber angle of zero degrees, no power applied to the driv- 
ing wheels, and equal tire sizes and pressures. 

Although most American cars do specify equal tire sizes 
and pressures; the other characteristics of the ideal vehicle 
are somewhat more difficult to attain. 

The center of gravity is, of course, unavoidably located 
somewhere above ground level. Because of this, dynamic 
load transfer to the outer wheels takes place during corner- 
ing, resulting in a loss of total cornering force of the four 
wheels at a given slip angle. This,is due to the well-known 
fact that the curve of lateral force versus vertical load for 
a typical tire is not linear, but convex. 

This can be seen in Fig. 6, in which the tire is assumed 
to be operating at a slip angle of 12 deg. With an equal 
vertical loading of 1000 Ib per tire, the total cornering force 
generated is 3100 lb Now, assuming a weight transfer of 
48% to the outside tires, which amounts to 480 lb per tire 
at 0. 6g lateral acceleration, we see that the total cornering 
force has dropped to 2630 lb, or a net loss of 470 1b corner- 
ing force for the car. This same loss of cornering force 
would also apply in the event of dynamic load transfer under 
braking and acceleration. 

Other sources of reduced cornering forces associated with 
the center of gravity are the jacking effect of certain inde- 
pendent rear suspensions, unequal front and rear roll stiff- 
ness, and the nonhorizontal roll axis inherent in most auto- 
mobiles. The latter two are involved in the steering charac- 
teristics of the car and will be mentioned again later. 

Unequal weight distribution caused by static loading ad- 
versely affects cornering force in the same manner as does 
dynamic weight transfer. 

Since drive thrust must use a goodly portion of the tire's 
potential reacting force, it subtracts considerably from the 
cornering force of the driving wheels, be they front or rear. 
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The unfavorable camber of front and rear independent 
suspensions also detracts from cornering force. As a mat- 
ter of fact, the ideal car ought to give us more than zero 
camber. It should be designed so that no matter which way 
it is turning, the outside wheels have negative camber and 
the inside wheels positive. 

Fig. 7 shows the cumulative detrimental effect on lateral 
support at 12 deg maximum tire slip angle caused by these 
deviations from our ideal symmetrical vehicle. 

The first bar represents the symmetrical car with even 
weight distribution, cente: of gravity at the ground, and no 
power applied to the wheels. This vehicle can withstand 
0. 78g lateral acceleration at a 12 deg slip angle. 

Introducing a reasonable center of gravity height, as in 
Bar I, the permissible lateral acceleration drops to 0. 63g. 

In Bar III, the incorporation of an independent front sus- 
pension, with its associated camber variation, brings it down 
to 0.57g. 

Changing now to a 55-45 weight distribution, and instal- 
ling a front sway bar, leaves 0.55g lateral acceleration at 
12 deg maximum slip angle, as shown by Bar IV. 


4 TIRES OPERATING AT A 
WOULD GENERATE 4X775=3100 Ibs 


WITH 480 Ibs WEIGHT TRANSFER 

AT 60% LATERAL ACCELERATION, 

2 TIRES aT B GIVE 2X 850= 1700 

2 TIRES ATC GIVE 2X465= 930 
TOTAL 1S 2630 Ibs 


LOSS IS 3100-2630 = 470 Ibs 
TOTAL CORNERING FORCE PER CAR 


LATERAL LOAD (CORNERING FORCE) —- LBS 


° juan 2 rn 
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Fig. 6 — Lateral force versus vertical load. Typical tire operat- 
ing at 12 deg slip angle 
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Fig. 7—Lateral acceleration at 12 deg tire slip angle 
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The addition oi a well designed independent rear suspen- 
sion together with increased front roll stiffness to maintain 
the same understeering effect as with the solid rear axle, 
brings the lateral acceleration to 0. 52g. 

Finally, applying tull power to the rear wheels of our car 
at 60 mph while going through a turn of 481 ft in radius 
leaves the car capable of withstanding only 0. 50g, as shown 
by Bar VI. 

It should be mentioned here that the 12 deg slip angle 
can be maintained for all four tires of the car in the first 
two examples, on the tront tires only ot the next three, and 
on the rear tires only for the last example. 

The calculations associated with the above values are 
performed in Appendix I, 

All of the calculations are based on the tire data shown 
in Fig. 8. Note that cornering forces are shown only up to 
12 deg of slip angle. This is because available data over 
12 deg are scarce and incomplete. As additional reliable 
data in this area is developed by the tire industry, the sus- 
pension designer will welcome it eagerly. 

It should be pointed out that all of the foregoing assumes 
that the tires maintain continuous contact with the ground. 
In practice this is, of course, not always possible. An in- 
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Fig. 8 — Cornering force versus slip angle 
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Fig. 9—Effect of center of gravity shifts on neutral steer line 
location 
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dependent suspension with less unsprung mass and no cou- 
pling between the wheels as with a solid axle permits the 
tires to follow the road contours better, and thus to reclaim 
some of the lost cornering force. 


Directional Stability 


As mentioned earlier, it is not sufficient that a car have 
a neutral steering characteristic. This is because as such a 
car encounters different loading, driving, and maintenance 
conditions, the steering tendency would shift back and forth 
from understeer to oversteer, resulting in a confusing con- 
trol situation for the driver. 

As shown in Fig. 9, a symmetrical car will have its cen- 
ter of gravity and its neutral steer line both located at the 
midpoint of the car. The neutral steer line may be defined 
as that line at which lateral forces applied to the car do not 
cause yawing. If that line passes through the center of grav- 
ity, as on a symmetrical car, we can see that loads or in- 
ertia forces acting at the center of gravity will not cause 
yawing. Such a vehicle is a neutral steering car. 

To avoid a neutral steering car, it is necessary to sepa- 
rate the center of gravity and the neutral steer line. One 
way to do this is simply to move the center of gravity for- 
ward or rearward. 

When the center of gravity is moved, the neutral steer 
line follows it, but does not move quite as far. This is be- 
cause of the tire characteristics discussed earlier which re- 
sult in a lower cornering coefficient of the overloaded front 
tires and a higher cornering coefficient of the underloaded 
rear tires. Thus, the line at which a lateral load is applied 
and does not cause yawing - the neutral steer line -- falls 
behind the center of gravity. The same is true in reverse, 
when we move the center of gravity rearward. 

To put it very simply, when the neutral steer line is be- 
hind the center of gravity, the car will understeer; when it 
is ahead of the center of gravity, the car will oversteer, The 
distance between the center of gravity and the neutral steer 
line expressed in per cent of wheelbase -- but not at all de~ 
pendent on their location relative to the midpoint of the 
wheelbase -- is a measure of the magnitude of the steering 
ettect. 

An understeering car will be directionally stable. This 
is because the centrifugal force at the center of gravity re- 
sulting from any deviation in course will tend to counteract 
and minimize the effect of the disturbance causing the 
deviation. 

Conversely, an oversteering car will be unstable because 
the effect of a side load ahead of, behind, or at the center 
of gravity will be magnified by the centrifugal force. Cen- 
trifugal force increases with the square of the car speed, and 
for any given car a critical speed will exist at which, un- 
less the driver quickly takes proper corrective action, even 
the smallest side load will result in a ground loop. 
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The stability of the understeering car directly benefits 
the driver. He can afford to take his eyes off the road for 
a moment without being in danger of finding the car mov- 
ing ina different direction when he looks back. He can 
bring the car smoothly into a curved path and achieve a 
state of equilibrium in that path without difficulty. He can 
leave the path for one with different curvature, or return to 
the straight ahead condition and again maintain equilib- 
rium on the new path -- all with a stable, easily controlled 
automobile. 

For simplicity this discussion has been restricted to a sin- 
gle means of separating the center of gravity from the neu- 
tral steer line, This end can also be reached by other means, 
primarily in the tires and suspension system. We will not, 
however, go into any detail here. At this time let us con- 
tent ourselves with the result -- that a certain degree of un- 
dersteer is built into the car. 

I say a certain degree of understeer, because while a con- 
siderable amount is required to avoid a shift from understeer 
to oversteer, for good cornering ability the degree of steer- 
ing effect should be small. Thus another compromise must 
be reached. 


Wind Stability 


As already established, for best directional stability both 
in turns and in the straight ahead condition, the center of 
gravity should be located in front of the neutral steer line. 
This is the only arrangement which will be considered dur- 
ing the discussion of the car's remaining directional sense, 
wind stability. . 

Fig. 10 shows an understeering car with two different lo- 
cations for the center of gravity and neutral steer line. Al- 
so shown is the wind force acting at the aerodynamic center 
of pressure of the car. Location of the center of pressure is 
the primary factor in the wind stability of an automobile. 

In today's passenger cars, the center of pressure is nor- 
mally located close to the front wheels, ahead of the center 
of gravity and the neutral steer line. This is an undesirable 
condition for wind stability. As can be seen in the illustra - 
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Fig. 10—Aerodynamic moment arms of two different 
understeering cars 
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Fig. 11—Effect of aerodynamic moment arm on the path of 
two different understeering cars 


tion, the wind force acts on a moment arm about the neu- 
tral steer line, and causes the car to rotate or yaw. This not 
only introduces a side drift, but causes the car to steer off 
the road in the direction of the wind. Obviously, with a 
rearward neutral steer line, the moment arm of the wind 
force is appreciably greater than with the forward location, 
and the etfect on the car is that much more severe. 

Fig. 11 shows that the longer wind moment arm for the 
rearward location of the center of gravity and neutral steer 
line produces a more severe curvature away from the intend- 
ed path than does the shorter moment arm. Although in both 
cases the driver must make a correction to stay on the road, 
the car with the center of gravity at the rear is the less wind- 
stable of the two. 

The wind stability of either car may be improved by mov- 
ing the center of pressure rearward through the use of fins 
or other measures. If it were possible to move it behind the 
neutral steer line, we would have for all practical purposes 
an automatically windstable car. 

Fig. 12 illustrates this condition. The first response of 
our windstable car to a side wind load is to drift in the di- 
rection of the load. Gradually, however, the small differ- 
ence in slip angles of the front and rear tires produces a steer- 
ing angle which overcomes the drift and causes the car to 
cross its original path. The small path deviation involved 
here minimizes the need for driver correction to the point 
where strong gusty side winds require no more attention than 
do lateral disturbances introduced by very small irregulari- 
ties in the road. 


Response 


The fourth requirement of car handling is proper dynamic 
response for good control. The transient behavior of the au- 
tomobile has not yet been fully investigated. A more com- 
plete understanding of the dynamic control and stability prob- 
lems associated with car handling may have to await further 
work in the research field. 

However, it can be agreed that even with this limitation, 
very acceptable handling can be and has been built into pre- 
present-day passenger cars. Let us discuss the lateral re- 
sponse of an automobile. This involves all three degrees 
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Fig. 12—Path of aerodynamically stabilized car 


of lateral freedom -- yaw, side slip, and roll. 

The yaw velocity response of a car to steering wheel dis- 
placement has to be high enough and free from overshoot so 
that precisely controlled travel along a selected path is pos- 
sible for the operator. The mass, displacement, available 
damping, and the inherent steering characteristic of the car, 
and the means by which this characteristic is achieved, de- 
termines the time required to change from one steady state 
to another. 

A car leaving a straight path for one with a constant ra- 
dius of curvature must be accelerated from zero to a con- 
stant yaw velocity and to a constant yaw angle relative to 
the path. The yaw velocity is introduced by the steering 
angle needed to make the car follow the curved path if no 
inertia forces were involved. The yaw angle is required to 
bring the rear tires into a slip angle position at which they 
can develop their share of the cornering force for a given 
lateral acceleration of the car. 

The amount of the yaw angle and the time required to 
build it up and maintain it determine more than anything 
else whether or not the response and, therefore, the control 
of the car is satisfactory. 

It has already been explained how the smallest yaw angle 
for a given lateral acceleration -- or in other words, the 
highest amount of cornering power or lateral stiffness -- can 
be achieved. Remember that the closer the car comes to 
the ideal car, the higher is the lateral stiffness. 

Of the other two degrees of lateral freedom, side slip has 
only a minor effect on car response and can be neglected 
for all practical purposes. 

Roll, however, does have an ettect on speed ot response, 
although it does not directly alter the car's path. 

Overall response time can be shortened by using tast re- 
sponding steering effects. All such effects are introduced 
directly by the tires without involving any appreciable sec- 
ondary effects. Among these are: 


1. Unequal weight distribution. 

2. Unequal tire sizes or tire pressures. 

8. Roll axis inclined in the side view. 

4. Suspension deflection steer. 

Deflection steer is an effect caused by actual deflection 
of the axle or wheel support. Because of the relatively 
small mass and the high mounting rate involved, it is a high 
frequency system with fast response. It is of interest to note 
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that deflection steering does not significantly decrease cor- 
nering force, a fact alsc true for the slower-responding roll 
steer, 

The slow-responding steering effects are -- with the ex- 
ception of jacking -- all coupled with body roll, which be- 
ing itself of relatively low frequency is responsible for the 
slow response of the others. Among these are: 

1. Different roll stiffness distribution, front and rear. 

2. Tire camber change. 

3. Jacking of one end of the car under lateral accelera- 
tion caused by undesirable suspension geometries. 

4. Roll geometry steer. 

5. Toe steer; 

The remaining factor intluencing lateral response is 
damping. A steering wheel displacement pulse or step in- 
put should not introduce an objectionable roll or yaw oscil- 
lation before reaching the steady state again. 


Feedback 


The last of the important handling requirements is feed- 
back to the driver. The driver controls the car by means 
of steering wheel displacements and torque applied to the 
steering wheel. While so doing, he sees, hears, and feels 
the lateral response to his inputs. He observes to a certain 
degree the acceleration, velocity, and displacement of the 
car as it yaws, sideslips, and rolls. In addition, he has the 
benefit of torque feedback through the steering gear back 
to his hands. This torque feedback is a valuable source of 
information with regard to the decisions the driver must 
make continuously to keep the car safely on the desired 
path. 

This feedback is the selt-aligning torque generated at the 
footprint areas of the front tires. It varies with the friction 
coefficient between the tire and road surface, and with the 
slip angle of the tires. It enables the driver to feel slippery 
road surfaces, and to detect by the fast decrease of aligning 
torque shortly before tire skidpoint, and impending skid. 

To provide good torque feedback, it is important to use 
low mechanical and hydraulic friction in the wheel supports, 
steering linkages, and steering gear. Caster change can dis- 
tort the torque feedback. On the other hand, however, by 
building in sufficient positive caster, the reversal of self- 
aligning torque at high slip angles can be avoided. 

Kingpin inclination and toe-in, are of constant value, 
and affect returnability of the front wheels; they do not con- 
tribute any information to the driver. 

Having reviewed the operational handling requirements 
for an automobile, I will conclude by summarizing the ma- 
jor design requirements which permit us to achieve our goal: 


1. Maximum cornering ability per degree of slip angle. 

2. Good directional stability through locating the neu- 
tral steer line behind the center of gravity. 

3. Good wind stability through locating the center of 
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aerodynamic pressure as close as possible to the neutral steer 
line. 

4, Proper responding steering effects for good control. 

5. Adequate feedback for maximum driver information. 

Since we are dealing with the practical rather than with 
the ideal, in trying to reach the design goal we must make 
the best possible compromises between these requirements 
for good handling, and possibly conflicting requirements for 
other considerations. 


Appendix | 


Rear wheel deflection during acceleration for a given in- 
stant center location on a rear drive car with unsprung 
differential. 
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The problem resolves itself into first determining which slip 
angle, tront or rear, reacnes 1z deg at the lowest lateral 
acceleration. For understeering vehicles, which Car IV is, 
higher front than rear slip angles are generated. Since suc- 
cessive trial calculations are required to solve the problem, 


only the mathematics of the final trial will be shown for 


Wee» Wor + 2 
pte Prone we brevity. 


Wsr + Wor +Rear 


At Final Trial - Find front slip angle generated by a ),547 lat- 
Q Mor Mor REAR WT TRANS eral gravity accelertion. 
Mees MU — rronT wT TRANS Total Weight Transfer Front at g = 0.547 Lateral Gravit 
W, = Total sprung weight, 1b A = Sprung weight nonrolling couple weight transfer. 
W.f = Front sprung weight, 1b e Ws ‘ eae We Wo fH 
ae ° =f + - — = Sa 

Wut E Front unsprung peignt, lb t aa f) Ws WofH¢ + Wer Hy (8) 
W, = Rear sprung weight, 1b 
Wur = Rear unsprung weight, 1b 
: = aon of gravity netgnt a sprung mass, in. ee 3365 Meteoe as 1385 1980x4 een) 

f = Front roll center height, in. 60 3365 1980x4+1385x10} — 
H; = Rear roll center height, in. 
Kg = Ride rate per front wheel, 1b/in. A = 72.41b 
K = Rid t i F 

r ide rate per rear wheel, 1b/in, B= Sprung weight roll couple weight transfer. 


Kr¢ = Roll rate front, 1b/in. 
K;, = Roll rate rear, 1b/in. 


R = Tire rolling radius, in. Ws Ws Ky 

t = Track)tin, Ble ho ee no(a) K+ ke | ® 

1 = Wheel base, in. : Tey Re 

Ky = Tire rate, lb/in. 

g = Lateral gravity acceleration 

Fy = fai onlside wheel cornering force (slip angle aie 3365 26 - |: + (10 - 4) (22)] 220 (0.547) 
rust minus camber thrust), 1b 60 3365 115 + 220 

Fj = Front inside wheei cornering force (slip angle 


thrust minus camber thrust ), lb 


i B = 392 1b 
i = Rear outside wheel cornering force (slip angle ; : 
thrust minus camber thrust), 15 C = Unsprung weight nonrolling couple weight transfer. 
fj = Rear inside wheel cornering force (slip angle Wit ek 
thrust minus camber thrust), 1b C = uf (g) 
t 
‘ 220 (13.1 
Appendix Il Cis oe (0. 547) 
Calculations to determine the lateral gravity which gener- Gos) 262 201b 


ates a 12 deg slip angle on Car IV. 
In the following calculations several minor effects have Total Weight Transfer Front = A + B + C = 491 lb 


HANDLING REQUIREMENTS 


D_ = Static tire load = 1100 


Wet + Wuf 
== 
E = Total weight transfer = 491 A+B+C 
F = Outside wheel load = 1591 D+E 
G_ = Inside wheel load = 609 D-E 
H- = Roll deflection = 1.78 in. B/Krf 
I = Roll angle = 3.40 deg 360 
wt 
J = Outer wheel camber relative to body = -0.85 Front susp. camber 
K_ = Inner wheel camber relative to body ‘= -0, -- Front susp. camber 
L = Camber due to tire deflection = 0.85 deg E/{ 360 
Kr\ mt 
M = Outer wheel camber relative to road = 3.40 deg L+Jeu 
N_ = Innte wheel camber relative to road = 4,25 deg I=K+lL 
O = Outside wheel camber thrust! = 113 23 
1100 (F) (M) 
P= Inside wheel camber thrust! = 54 23 
1100 (G) (N) 
Q = Lateral side force of front total mass = 1203 (Wsf + Wut ) (g) 
R' = Slip angle thrust required = 1370 O+P+0O 
S = Thrust available at 12 deg slip angle 
Outer wheel = 850 Fo + O) .. 
x a 5 Pig 213 
Inner wheel = 6522 Fj + P) 
1372 
Therefore, a lateral gravity acceleration of 0.547 gener- 900 
ates 12 deg front slip angle. Be 
1In the vicinity of 12 deg slip angle, camber thrust is 0 
taken as 23 lb per degree camber and is assumed proportion- 7 600 p 
al to wheel load. 2 ee 


Fig. 13—Cornering force versus vertical load 
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SNAP 2 


A Reactor Powered Turboelectric 


ON NOV. 18, 1959, announcement was made of the suc- 
cessful operation of the SNAP 2 reactor, which was designed 
to power a turboelectric generator for use in space vehicles, 
This marked the achievement of an important milestone in 
the Atomic Energy Commission's space power program which 
began in 1955. An operational model of this small reactor 
will eventually provide the heat power necessary to produce 
several kilowatts of useful electric power for very long peri- 
ods of time. It will do this completely automatically and 
unattended. The following is essentially a status report of 
the SNAP 2 project. 


The fueled portion of the reactor core is contained in 61 
stainless steel cylinders, 1 in. in diameter. Each cylinder 
contains 10-in. long fuel element with a 1-1/2-in berylli- 
um reflector at each end. This bundle of cylinders fits into 
a hexagonal can which measures 8 in. across the flats and 


14 in. in length. Two to 3 in. of beryllium surround the 
entire core, acting as a reflector. The active portion of the 
core (neglecting end plugs ) is slightly under one-third of a 
cubic foot. Reactor control is accomplished by means of 
rotating drums made of reflector material. A model of this 
assembly plus a conceptual shadow shield for payload pro- 
tection is shown in Fig. 1. A disassembled fuel element is 
shown in Fig. 2. 


The reactor used in the first power demonstration is more 
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accurately referred to as the SNAP experimental reactor, 
abbreviated SER. It first achieved criticality on Sept 19, 
1959; and, after installation of the liquid metal coolant, it 
was carefully brought up to design power and temperature 
on Nov. 9. This test was accomplished at an AEC facility 
in the Los Angeles area by the Atomics International Com- 
pact Power Group. An artist's concept of this facility is 
shown in Fig. 3, 

The reactor is shown suspended in the lower section of the 
steel containment shell. Two concrete plugs provide bio- 
logical shielding for shutdown and power operation. Access 
to controls and plumbing is provided in the space between 
the two plugs. Heat from the reactor is dissipated by two 
liquid metal loops employing commercial pumps and heat 
exchangers. The primary loop, which becomes radioactive 
in operation, is housed in the first concrete shielded vault. 
The second loop provides ultimate dissipation of the heat to 
the atmosphere by an air-blast heat exchanger. This non- 
radioactive loop is contained in an unshielded vault. The 
actual reactor used in this experiment is shown in Fig. 4, 

This simple, relatively low-cost experiment provided a 
means of conducting long-term tests of the reactor core, with 
a high degree of safety, before attempting to marry it to a 
prototype turboelectric conversion unit. The conversion unit 
is being developed by the New Devices Laboratories of 
Thompson Ramo Wooldridge Inc., Cleveland, Ohio, under 


Generator for Space Vehicles 


a subcontract to Atomics International. A combined test in- 
volving the turbogenerator and the reactor will require a 
more elaborate facility in order to simulate some of the en- 
vironmental conditions experienced in rocket launch and 
space operation. Construction of this facility is progressing 
at a rate which indicates a combined test late in 1960. Since 
ling-term reliability of the whole system is expected to be 
the most stringent requirement for a space systern, long-term 
test experience on each component is imperative early in 
the development program. As of Feb. 12, 1960, the reactor 
has produced 25, 000 thermal kwhr. Considerable operating 
experience and knowledge of the reactor control parameters 
will have been achieved when the combined test is attempted. 


Objectives 


The objective of the SNAP 2 project is to develop a space 
power system for use in the 1962-1963 time period. Sum- 
mary specifications of this system are cited: 

Life, continuous operations - 1 year 

Electrical power (useful) - 3 kw 

Gross weight, including radiator - less than 620 1b 

(unshielded) 

Radiative area - less than 110 sq ft 

Maintenance - none 
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Start-up - remote in orbit 

Environment - rocket launch and space 

Biological hazards - negligible during launch, abort, or- 

bital, or post orbit 

Payload dose - limits to be established primarily by 

transistors 

Shielding - design to be determined during vehicle 

integration 

Additional objectives are: The system should be both 
economical to build and capable of growth potential for 
higher powered systems, 

In order to accomplish these objectives, the contractor 
was requested to: 

1. Develop basic materials and physics information re- 
quired to engineer the power’system. 

2. Develop fabrication techniques. 

3. Engineer and fabricate developmental systems. 

4. Perform operational and environmental tests to prove 
adequacy of design. 

5. Integrate the power systems into the vehicle system, 
where appropriate. 
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Fig. 1 — Full-scale model of SNAP 2 reactor: (1) control motors, 
(2) shielding, (3) fuel elements, (4) reflector, (5) core vessel, 
(6) coolant lines, (7) control drums 


2 


BSS By HRS 
moderator element 


Fig. 2— SNAP 2 — fuel 


6. Develop ground support equipment and handling 
procedures. 

7. Evolve operational systems for specific vehicle 
systems. 


Reactor 


Selection of the reactor fuel form to be developed was 
the most critical decision made. When this had been ac- 
complished, the upper temperature of the cycle was esti- 
mated and the conversion system parameters established. A 
high source temperature was necessary if the waste heat was 
to be rejected within the limits of the radiative area 
specified. 

All of the fuel materials originally proposed depended on 
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Fig. 4— SNAP experimental reactor showing control drum and 
scram mechanism 


the solution of complicated materials problems, compact 
reactor physics, and control problems. In keeping with the 
time schedule, the reliability requirements, and the 1955 
state of the art projections for long life power conversion and 
reactor systems, a 1200 F operating temperature target was 
established. 

The cost of elevating a pound of material into a 300-mile 
orbit about the earth has been estimated at $15, 000 per lb. 
Newer vehicles should reduce this figure to less than $1000 
per lb, It was apparent, therefore, that SNAP 2 would be 
most attractive if a lightweight system capable of being 
launched by a variety of vehicles were achieved. Ina 3 
KWe system it was obvious that the reactor and shield would 
constitute a relatively heavy unit. The reactor, therefore, 
should be made as small as possible without sacrificing 
reliability. 

To keep the weight of a’small, high-temperature reactor 
low, an efficient, low-pressure coolant must be used. Di- 
rect boiling would allow the most efficient heat removal sys- 
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Fig. 6 — Hydrogen density versus temperature for ZrH, and water 
(at 1 atmosphere) 


tem. The boiling coolant, however, would impose a dif- 
ficult reactor control problem; and, in addition, boiling in 
zero-gravity would be an added complication. Asa result, 
a liquid metal coolant system was chosen. 

There are two ways to achieve the small reactor volume 
needed. First, approximately 53 kg of pure, or slightly di- 
luted, uranium-235 will result in a small fast critical as- 
sembly with a volume of about one-tenth of a cubic foot. 
Provisions for adequate coolant fractions would increase the 
critical mass to about 67 kg. The practicability of repro- 
cessing the uranium after use in orbit would be remote, The 
total critical mass, therefore, can be assumed to be expend- 
ed, hence a base cost of approximately $1 million for fast 
assembly fuel alone must be borne. In addition, material 
problems associated with oralloy at high temperatures pre - 
clude its use in a space application. 

For the satellite missions requiring modest amounts of 
electrical power the second way was more economical; that 
is, a reasonably priced reactor can be assembled by diluting 
U-235 with a suitable moderator. Dilutions of the U-235 
with any atom other than hydrogen results in an assembly 
heavier than the slightly diluted U- 235 assembly noted above 
and achieves no reduction in critical mass for small cores. The 


Table 1 - Physical Properties of Zr Hydride (ZrHjy, 7) 


Hydrogen density 6.25 x 1022 atom/cm? 


Density 5.65 gram/cm3 

K (1200 F) 13.0 + 1.0 Btu/hr ft F 
E (80 F) 9.1 x 108 psi 

E (1200 F) 4.4 x 106 psi 

UTS (80 F) 8000 psi 

UTS (1200 F) 10, 000 psi 


Coefficient of linear 


expansion (1200 F) 6.56 x 1076in. /in. F 


effect of dilution with hydrogen is readily seen in Fig. 5. 
Critical mass and volume relationships are shown for assem- 
blies of various Ny values, (Ny, is the number of hydrogen 
atoms/cm®,) Room temperature water has 6.7 x 1022 hy- 
drogen atoms/cc. SNAP 2 with a core of 1/3 ft and a fuel 
loading of only 2.7 kg U-235 is shown in contrast to systems 
utilizing a lower hydrogen density. 

High-pressure problems would be associated with the use 
of water as the source of hydrogen, therefore, the possibility 
of using certain refractory metal hydrides was investigated. 
Zirconium-Hydride, ZrHx, was found to have the properties 
permitting a high degree of hydrogen retention at tempera- 
tures in the range of interest. Fig? 6 illustrates relative hy- 
drogen densities achievable with water and zirconium hy- 
dride. 

Although the advantage of using the refractory metal hy- 
dride is evident, compensation must be made for the low but 
finite vapor pressure resulting from the dissociated hydrogen. 
For an Ny, of 6.0 x 1022 atoms/cm this pressure is approx- 
imately 0.1 atmospheres at/1200 F, and increases by a fac- 
tor of three, approximately, every 100 F. At 1500 F, the 
pressure is about 2.5 atmosphere. A slight reduction in Nyy; can 
materially reduce this pressure. Satisfactory containment 
materials have been developed and demonstrated which per- 
mit the use of zirconium-hydride at temperatures up to ap- 
proximately 1300 F for one year with a hydrogen loss of not 
more than 1%, At the lower temperatures encountered in 
conventional terrestrial applications, good containment of 
the hydrogen is easily achieved with a conventional materi- 
al such as stainless steel. 

The U-235 fuel is alloyed with the zirconium by means 
of successive arc-melting operations. The resultant alloy 
is hydrided to form a massive homogeneous fuel-moderator 
material. Such a homogeneous material is superior to a 
heterogeneous arrangement in that all fuel and moderator 
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surface contributes to heat transfer. More important, the 
moderator dilutes the fuel such that a much higher fraction 
of fuel atoms can be fissioned before excessive structural 
damage results. Thus, the homogeneous fuel-moderator al- 
lows both maximum power density and core endurance. Hom- 
ogeneity also provides a rapid-acting negative temperature 
coefficient which is particularly desirable for automatic con- 
trol. 

Integrity of the fuel element when subjected to six times 
the SNAP 2 power density and twice the burn-up require- 
ment has been verified in the Materials Testing Reactor at 
a surface temperature of 1280 F. Current tests are being 
conducted at 1/2 and 1% burn-up of the total metal atoms 
in the fuel mixture. These rates are equivalent to roughly 
1500 and 3000 MWd (t) per cu ft of core. 

Power density in this element is dependent upon diam- 
eter, permissible operating temperature, thermal conduc- 
tivity, and allowable temperature gradients through the el- 
ement. The gradients are limited by the coefficient of ex- 
pansion, elastic mod lus, ultimate strength, creep strength, 
and Poisson ratio. Most of the properties have been deter- 
mined and are listed in Table 1. 

Early considerations for achieving the maximum com- 
pactness led to consideration of several core geometries. A 
sphere made up of fuel-bearing coencentric shells and an 
approximate sphere made up of fuel-bearing coencentric 
pipe sections (with the coolant flowing in the clearance 
spaces) were considered but eventually discarded in favor 
of the "faggot" arrangement; that is, rod or pin-type ele- 
ments. The simple, straight-through flow of coolant and 
the ease of manufacture of these rod-type elements justi- 
fied the 10% increase in core volume due to this cylindri- 
cal geometry. 

If small rod diameters are used, high power densities are 
attainable from a variety of fuels. Small pins, however, 
would result in difficult design problems, higher fabrica- 
tion costs, increased structural materials in the core, in- 
creased critical mass, decreased reliability and endurance. 
For these reasons, it is desirable to use a reasonable rod di- 
ameter and an efficient coolant such as NaK. Bulk heat 
fluxes obtainable from the SNAP 2reactor fuel element ma- 
terial as a function of rod diameter are shown onFig. 7. The 
data presented in Fig. 7 is based on a predicted thermal 
stress limitation which may not actually exist. Either yield- 
ing of the material or hydrogen migration could relieve 
these stresses allowing a much higher power density. Note- 
worthy is the fact that .the SNAP 2 power density is only 
0.156 Mw/ft3, Development of a smaller diameter SNAP 
reactor fuel element in connection with the National Aero- 
nautics and Space Administration SNAP 8 project will pro- 
vide considerable growth potential for power production in 
the SNAP hydride reactor. 

The zirconium hydride fuel material of the SNAP Experi- 
mental Reactor has demonstrated a prompt and large nega- 
tive temperature coefficient which is desirable for safety 
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Fig. 7 — Power densities achievable with SNAP 2 reactors using 
various rod diameters 


and good control. The average coefficient during the tran- 
sition from room temperature to the operating temperature 
at 1200 F is -3.5x 107° AK/K/C, At the operating tem - 
perature, the coefficient is-6.0 x 107° AK/K/C. In case 
of a maximum credible accident, the prompt temperature 
coefficient will limit the energy release to about 50 mega- 
watt sec. In addition, if the temperature rises to about 
1700 F, hydrogen will be lost, thus providing an inherent 
backup safety mechanism. As a result, a catastrophic or 
meltdown accident is impossible. 


Neutron generation time in the epithermal hydrides is 10 - 
30 microsec, which is long in comparison to about 0. 01 mi- 
crosec in a metallic fast core. This property also offers an 
additional control and safety advantage. 

Thus, the prompt and large negative temperature coef- 
ficient of the SNAP Experimental Reactor, attributable to the 
homogeneous mixing of fuel and moderator as well as to the 
slightly epithermal mean fission energy (0.1 ev), results in 
an easily controlled and safe reactor. There is zero-time 
lag between fuel element and neutron temperature increases 
because of the intimacy of the fuel atoms, the moderator at- 
oms, and the neutrons. Instantaneous expansion of the mod- 
erator is expected to permit considerable dynamic stability, 
with controls providing primarily for start-up, long term 
burn-up, poisoning, and loss of hydrogen. 

In addition, any small-core reactor has an advantage in 
control, because a large percentage of the neutrons are lost 
by leakage without resulting in fission reactions. Approxi- 
mately 40% of the fission neutrons are lost by leakage from 
the SNAP core. The reflector thus becomes an effective 
means of control simply by controlling leakage. As much 
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as 15 to 20$ reactivity(AK/K) change can be accomplished 
by small control drums located in the reflector. Drums of 
this type can be made rugged and essentially shock-proof. 
Control rods requiring holes in the pressure shell, movement 
of fuel, or burnable poisons were other possibilities with 
somewhat greater complexity than the simple rotating drums 
used in SNAP 2, 

A summary of the more important characteristics of the 
SNAP reactor are listed in Table 2. 


Selection of Thermodynamic Cycle 
and Working Fluid 


The maximum reactor coolant outlet temperature, the 
available heat sink area (110 sq ft), and a reasonable 
time for development, then, were the limiting factors 
in the choice of a thermodynamic cycle and its fluid. The 
Brayton, Stirling, and Rankine cycles were examined, and 
the latter was selected as having the best probability of suc- 
cess, Reactor weight is relatively independent of power con- 
version cycle selection in SNAP 2 since the reactor is sized 
by criticality rather than by power output or endurance. Thus, 
a power conversion cycle must be chosen on the basis of 
minimum component weights consistent with reliability and 
lifetime. 

The heaviest single component in the power conversion 
system is expected to be the radiator. In order to obtain 
minimum weight for this component, the reactor should op- 


Table 2 - SNAP 2 Reactor Characteristics 
Fuel = (Zr-U)H1. 7 Homogeneous mixture 
No. fuel elements 61 


Size of fuel elements 1 in. Dx10 in. long 


Hydrogen atoms/cm? 6.1 x 1022 
at 1200 F 
Fuel inventory 2.7 kg U-235 


Reflector 2-3 in. beryllium 
Coolant NaK eutectic 

(in 1000 F 

out 1200 F) 
Control reflector drums 


Temperature coefficient - 
(600-1200 F) ayerage 
at 1200 F 


-3.5 x 10-5AK/K/C 
(2) 
-6.0 x 10729AK/K/C 


8 in. across flats x 
10 in. long 


Core size (hexagonal 


parallele piped) 
Weight 213 1b 


13 in. D x 16-18 in. 
long 


Overall dimensions 


erate at the maximum feasible temperature, thus allowing 
a high heat rejection temperature. In the case of SNAP 2, 
a 1200 F reactor coolant outlet temperature has been chosen 
as a feasible goal for a reliable system. Furthermore, radi- 
ator size can be minimized by operating near the ideal 
condition: 


4 


3 
=o .5 (1) 
6 ae 
where: 
Ti = Effective heat rejection temperature in absolute 
units 
= Effective heat injection temperature in absolute 
units 


When component efficiencies and temperatures effects 
on material strengths are considered, the optimum temper- 
ature ratio will vary, but not by a large factor. Based on 
these and other considerations a radiator inlet temperature 
of 615 F was selected. Since the above considerations tend 
to fix the system temperature limits, minimum weight is re- 
quired for a cycle which can operate in this range. 

Comparing the various real cycles with the ideal carnot 
cycle shows that the saturated Rankine cycle most closely 
approaches the ideal cycle efficiency and thus gives the op- 
timum system. This close approach is obtained by the iso- 
thermal heating and cooling phases of the saturated Rankine 
cycle which allows much better utilization of available tem- 
perature ratios than provided by other cycles such as the 
Stirling and Brayton. 

Both the Brayton and Stirling cycles were attractive be- 
cause the problems of boiling and condensing under zero- 
gravity conditions would not be present. The Brayton cycle 
was eliminated on the basis of uncertainties in producing 
useful shaft work within the specified conditions of temper- 
ature and radiator area. Furthermore, a system based on the 
Brayton cycle with an efficiency comparable to the Rankine 
cycle would require an excessively high source temperature 
(assuming optimistic compressor and turbine efficiencies). 
A further disadvantage of any gas cycle would be the sole 
dependence on the heat transfer coefficients of gases which 
invariably result in larger, heavier, heat exchangers. 

The Stirling cycle was considered because of the success- 
ful history of the Phillips air engine, which has demonstrated 
reasonably good brake thermal efficiencies in small sizes. 
An engine based on this cycle is expected to be somewhat 
heavier than the Rankine for the same reason as the Brayton 
cycle; that is, dependence on heat transfer coefficients of 
gases. Although the problems of a two-phase working fluid 
would not be present in zero-gravity, the difficulties of lub- 
ricating cylinder walls, bearings, and any necessary gearing, 
as well as the difficulty of scavenging the oil from the crank- 
case, would present other problems. Entrainment of lubri- 
cant in the working fluid, with ensuing deposition on the in- 
terior of the thermal transfer surfaces, would probably reduce 
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the efficiency of any heat exchangers. 

Fig. 8 illustrates that the Stirling cycle at 1250 F would 
achieve efficiencies comparable with a mercury Rankine cy- 
cle at 1000 F if both are held to the same heat sink temper- 
atures. The Rankine cycle radiator is practically isothermal, 
while both the Stirling and the Brayton cycles have relative- 
ly large temperature drops through the radiator, thus reduc- 
ing radiator effectiveness. 

The Rankine cycle takes advantage of the latent heat 
gained from phase changes, the lower flow rates, and the iso- 
thermal heat transfer to attain high efficiencies, light weight, 
and good reliability within the temperature and radiator area 
limits. The difficulties associated with phase changes in a 
zero-g environment have been partially solved by utilizing 
the viscous properties and the velocities of the fluid to a- 
chieve phase separation in the designs of the boiler and con- 
denser. Experiments performed by Thompson Ramo Woold- 
ridge indicate that this design approach may be successful. 
The experiments include both laboratory and zero-g tests in 
an aircraft at Wright Air Development Division, Dayton, Ohio, 
in which test intervals of up to 15 sec at zero gravity were 
obtained. 

The selection of a suitable cycle fluid is based on the 
pressure and temperature limitations of the fluid, its physi- 
cal properties, and the availability of containment mate- 
tials. A simple presentation of the temperature regimes 
wherein certain Rankine cycle fluids become attractive is 
shown in Fig. 9. Considering (1) that a reasonable upper 
pressure for each fluid is limited from the standpoint of con- 
tainment; (2) that a reasonable low-cycle pressure in the 
radiator is limited from the standpoint of pump cavitation; 
and, (3) a minimum efficiency of 10% overall, then the 
temperatures of interest for each fluid can be bracketed. It 

is readily seen that if weight is to be saved by increasing ra- 
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Fig. 8 — Comparison of Stirling, Bray- 
ton, and Rankine cycle efficiencies 


diator temperature, the alkali metals must be employed as 
working fluids. Estimated efficiencies for these fluids are 
also indicated on Fig. 8. 

Fluids which can achieve the phase changes desired with- 
in the available temperature and pressure limits of SNAP 2 
were found to be sulfur, phosphorous, and mercury. Phos- 
phorous undergoes several complicated molecular transitions 
and is difficult to handle. A sulfur cycle was found to be 
competitive with mercury but required greater heat transfer 
area. Sulfur, however, was eliminated primarily on the ba- 
sis of its corrosive properties. 

Mercury was selected as the best cycle fluid because it 
had been in use in several stationary power plants in the 
United States, and the pressures are reasonable at modestly 
high temperatures, thereby permitting the use of reasonable 
containment methods for the vapor. A considerable amount 
of information has now been developed concerning the heat 
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transfer, corrosion, and other physical properties of mercury 
so that components such as boilers, turbines, pumps, bear- 
ings, and alternators can be designed and built, using mer- 
cury as a cycle working fluid, a coolant, or a lubricant. 

Cycle conditions were finally selected on the basis of 
weight rather than efficiency. No weight penalty is accrued 
if the reactor is operated at an increased thermal output; 
however, the boiler and condenser weights can be reduced 
by proper combination of boiling conditions and moisture 
content at the turbine discharge. 

The use of a once-through counterflow boiler configura - 
tion coupled with a reasonable temperature difference in the 
primary coolant loop allows superheating of the cycle fluid. 
The superheat approaches the reactor outlet temperature and 
is obtained with a small weight penalty. This improves the 
cycle efficiency slightlv and, more impoxtant, reduces the 
moisture content of the turbine exhaust. A dry turbine 
exhaust will tend to ease the erosion problem and is expect- 
ed to lead to a longer lived, more reliable turbine. Asa 
result of these considerations, SNAP 2 will utilize a some- 
what superheated Rankine cycle with an effective radiating 
temperature of about 600 F. 


System Schematic 


Fig. 10 is a schematic of the SNAP 2 system showing the 
components and flow of working fluids. NaK has been se- 
lected as the reactor coolant in this case to adapt the power- 
plant for remote start. The primary Nak loop is composed 
of the pump, reactor, and NaK section of the boiler. The 
secondary loop contains the components of the Rankine en- 
gine;that is, pump, boiler, turbine, and radiative condenser 
and subcooler. A third loop supplies the bearings, 

The primary loop pump delivers 71.5 1b of NaK per min 
at 1000 F. NaK is discharged from the reactor at 1200 F. 
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The secondary loop pump discharges 45 1b of mercury per 
min at 175 psia. Sixteen pounds per minute are required 
for the bearings, 10 lb per min are recirculated through the 
jet pump, and the remaining 18.6 1b per min are discharg - 
ed into the boiler. The boiler is heated by NaK entering at 
1200 F and leaving at 1000 F and is designed for a 60 psi 
pressure drop which provides superheated vapor for the tur- 
bine at 115 psia and 1150 F. The superheated vapor is ex- 
panded from 115 to 7 psia producing work to drive the alter- 
nator, mercury pump, and Nak pump. 

The output requirement and the operating conditions of 
each component may be calculated from the cycle condi- 
tions, component performance, and system output require- 
ment. Table 3 lists the power balance in the mechanical 
and electrical portions of the system. 

The NaK pump, turbine, alternator, and mercury pump 
are mounted on a common shaft supported by two mercury- 
lubricated journals and one thrust bearing. This combined 
rotating unit (CRU), shown in Fig. 11, is designed to oper- 
ate at 40,000 rpm. (The actual unit is shown in Fig. 12.) 
The NaK pump rotor is separated from the NaK by a metal- 
lic diaphragm and the bearings are lubricated with the mer- 
cury, permitting the entire unit to be hermetically sealed. 


NaK Pump 


The NaK pump employs a permanent magnetrotor mount- 
ed on the CRU shaft, obviating the need for separate NaK 
lubricated bearings. The rotating magnetic field introduces 
eddy currents in the NaK which accelerate the fluid. The 
velocity is converted to pressure in the pump volute. This 
pump type was selected for its high reliability and simplic- 
ity. Efficiency was a secondary consideration. 


Fig. 10 — SNAP 2 cycle — schematic 
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Fig. 11 — Combined rotating 
unit cut away 


Table 3 - SNAP 2 Power Balance 


Alternator Power 


Net power output 3,000 kwe 
Parasitic load at rated output 0.350 
Speed control 0.050 
Total 3.400 kwe 
Turbine Power 
tput 
Alternator er 4.250 kwm 
efficiency 
Bearings and seals 0. 700 
Mercury pump 0.120 
Sodium pump 0. 600 
Total 5.670 kwm 


MERCURY THRUST _ 
eee 


MERCURY \ 
PUMP 


Fig. 12 — Combined rotating unit shaft assembly 


G. M. ANDERSON 


Alternator 


The alternator is a permanent magnet machine producing 


3.4 kw at 2000 cps. The rotor is constructed of Alinco V 
permanent magnets and is unaffected by the high-tempera - 
ture mercury environment in the CRU, The stator wound 
field coil is sealed from the mercury environment with a 
glass bore seal. The machine is a two-phase unit connected 
externally to produce a single-phase output. 


Turbine 


A full admission, two-stage, axial flow, impulse turbine 
extracts the energy from the mercury vapor. Two stages 
limit the pressure ratio per stage to a reasonable value and 
prevent formation of excessive moisture in the vapor as it 
traverses the turbine. Tests indicate that blade erosion from 
moisture is not a severe problem. 

The SNAP 2 turbine dynamometer test package is shown 
in Fig. 13. From left to right are the second stage rotor, 
second stage stator (nozzle), first stage rotor, and first stage 
stator. Mercury vapor enters the first stage nozzle through 
the hole shown in the flat face of the first stage stator hous- 
ing. Labyrinth seal grooves can be seen in the hubs of both 
the first and second stage rotors. 


Mercury Pump 


The mercury pump centrifugal impeller and the mercury- 
lubricated journal and thrust bearings are shown in Fig. 14. 
The pump impeller is only 0.30 in. in diameter. Because 
of the high rotation speeds, a pump discharge pressure great- 
er than 175 psia is obtained despite the small impeller di- 
ameter. The major problem encountered in pumps of this 
type is the limited net positive suction head due to the low 
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Fig. 13 — Turbine dynamometer parts 


Fig. 14— Mercury 
pump 


condenser pressures and lack of any gravitational fluid head. 
This problem is solved by utilizing a jet pump to boost the 
pump inlet pressures. 


Boiler 


The boiler consists of a tube within a tube, with mercury 
in the inner tube and NaK in the annulus. An artificial grav- 
itational force field results from the helical configuration 
and the use of turbulators in the mercury boiling section. 
Forces on the entrained droplets are on the order of 500 g. 
The 18-in. diameter boiler test loop shown in Fig. 15 is 30 
ft long. 

Heat transfer rates obtained during tests of the boiler were 
about 10, 000 Btu/ft2-hr. These were obtained with tem- 
perature differentials of 325 -350 F at high mercury flow 


Fig. 15 — Boiler 


rates. Heat transfer rates are expected to increase through 
the use of increased pressure drop and velocities in the boil- 
ing realm. 


Radiative Condenser 


The condenser consists of tubes attached to a radiating 
surface. Mercury is condensed in the tubes and the heat 
transferred by conduction to the radiating surface. High va- 
por velocities are maintained in the tubes to drag the con- 
densate through the condenser, thus maintaining flow stabil- 
ity and reasonable condenser inventories. Rotation of the 
vehicle will not be required to control condensation, as this 
can be accomplished entirely by viscous forces. 

In order to prevent cavitation of the small mercury con- 
densate pump, a subcooler section is employed in the 
radiator to cool the liquid mercury below the condensing 
temperature. 


Control 


A parasitic load speed control is employed. This control 
consists of a parasitic load in parallel with the vehicle load, 
with a frequency discriminator to sense speed and to govern 
the amount of parasitic load applied. Load is added if the 
frequency is too high and removed if too low. The alternator 
and reactor operate at all times near the design point, elim- 
inating excursions and simplifying stability of the system. 
Parasitic controls are reliable and their development is 
straightforward. 


& 


Mercury Corrosion 


The resistance of various materials to mercury corrosion 
is still under investigation, and progress to date is very prom- 
ising. Many materials are available that easily contain 
mercury at the high cycle operating temperatures for long 
periods of time with little structural deterioration. A mass 
transfer problem, however, still remains, Mass transfer oc- 
curs as a result of containment materials dissolving in the 
liquid mercury and depositing out in lower temperature re- 
gions, the boiling sections, or flow restrictions. 

Considerable materials evaluation testing has already 
been conducted. This has included more than 15, 000-hr of 
constant pressure convection loops in which boiling and con- 
densing have simulated the action in the prototype mercury 
system. More than 300 glass capsule tests of many mate- 
rials, surface treatments, and chemical additives have been 
evaluated for compatibility in boiling and condensing 
conditions. 

The materials evaluation program is still under way. 
Based on the results to date, stellites, the 400 series, the 


400 


low nickel 300 series stainless steels, and the Haynes metals 
with suitable surface treatments, are promising for use in 
mercury systems. 


Conversion Equipment Test Program 


The major effort at Thompson Ramo Wooldridge has been 
in the development of the combined rotating unit (consist- 
ing of the turbine, the alternator, the bearings and two 
pumps), the boiler, and the control. Miniaturization of the 
individual components, as well as the high rotational speeds 
of the dynamic components, necessitated a (fine) balance 
between final design and performance. Considerable test 
experience on each component, as well as on the combined 
rotating units, has already been achieved. 

These tests are summarized in Table 4. It should be 
noted that the tests include test time accumulated on the 
SNAP 1 program on components and CRU's that are similar 
in design characteristics but lower in power output than the 
SNAP 2 components. A summary of the present state of de- 
velopment of the major components is presented in Table 5. 
The data and operating hours are tabulated as of Feb. 1, 
1960. 

Combined rotating unit tests have been run at 40, 000 
rpm, utilizing mercury vapor to drive the turbine and mer- 
cury-lubricated bearings. The latest of thest tests was a 20- 
day performance test completed on Jan. 8, 1960. The speed 
was limited to 35, 000 rpm to avoid the shaft critical speed 
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associated only with this particular unit. No significant de- 
terioration in performance occurred during the test, with one 
exception: the alternator rotor magnet strength decreased 
with time, causing a voltage reduction of about 2%. This 
has been attributed to the natural high-temperature aging of 
the magnet and can be avoided with proper preassembly 
treatment. 


Table 4 - Component Development Tests 


Accumulated 
Component Test Time, hr 
Alternator 1400 
Bearings 1550 
Mercury Pump 1050 
Sodium Pump 60 
Turbine 890 
Boiler 270 
Combined Rotating Unit 870* 


*Includes a 20-day endurance run. 


TTT 


Table 5 - SNAP 2 Component Performance Status 


Component Efficiency, % Power 
Objective Achieved Objective Achieved 

Alternator 80 3.1 kw 3.6 kw 

Bearings NA 600 w 500 W 
consumed consumed 

Mercury Pump 10 240 w 120 w 
consumed consumed 

Sodium Pump il, 8 2.4 (a) 443 w 165 w (b) 
consumed consumed 

Turbine 55 46 (c) 5.16 kw 5.16 kw (d) 


a. At full flow 5%. 
b. No change at full flow. 
c. Off-design data, measured at 2 kw. 


d. Extrapolated. 


a I 
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Table 6 - Component Performance Deviations During 
20-Day Endurance Test 


Parameter Mean + One Sigma 

Unit Speed, rpm 35, 000 141.4 
Alternator Power, w 2127 268 
Turbine Inlet Temperature, F 1145. 8 145 
Turbine Inlet Pressure, psia 94,7 iets) 
Turbine Exhaust Temperature, F 643.7 SG 7 
Condenser Pressure, psia ene 0.57 
Boiler Inlet Flow, 1b/min 15. 03 1e2 
Bearing Lubricant Flow, 1b/min 18.39 0.58 


During the test, some 30,000 data observations were 
made. Unit performance during this test is summarized in 
Table 6. The CRU is shown following initial testing and im- 
mediately prior to assembly for the 20-day run. 


This test run was terminated because of an accidental 
short in the alternator field causing the load to decrease and 
the unit to overspeed. Disassembly of the unit showed no 
damage or deterioration of the unit due to the normal test 
operation, although some damage resulted from contact as 
a result of the excess speed. 


Conclusions 


The successful testing of the SNAP Experimental Reactor, 
a sodium to mercury heat exchanger, and a complete com- 
bined rotating unit has been demonstrated. 

The next major step in the SNAP 2 development effort 
is the assembly of the CRU, boiler, and condenser into a 
complete power conversion system and the testing of the 
completed unit using a reactor as the heat source. Present 
status of the SNAP 2 development indicates that flight-type 
power systems will be available by 1963! i 

Potential missions which can use the SNAP 2 system in- 
clude: surveillance satellites, communications satellites, 
space station power systems, lunar station power systems, and 
solar system probes. 


Aircooling Versus Watercooling in 


RECENT publications on aircooling versus watercooling in- 
dicate that two items are growing to be apparent andshould 
begin this presentation: 

1. The remarkable design activity in the field of air- 
cooled engines as is demonstrated by the many new models 
appearing increasingly on the market. 

2. The increasing sale of aircooled engines all over the 
world with the surprising exception of the United States. 

These two facts may indicate that the issue of "Aircool- 
ing versus Watercooling” is far from being settled. 

A study of how the two cooling methods are spread re- 
veals a rather puzzling picture (Fig. 1). Water and aircool- 
ed engines are used side by side for almost all applications 
from 1 to 4000 hp. Although a detailed analysis of this fig- 
ure will be made later, it may serve to characterize the 
great span which is covered by aircooling. In fact the two 
extreme groups, namely the smallest, simplest, and cheap- 
est engines as used for lawn mowers and the largest, most 
complicated and most expensive engines for aircraft are al- 
most uniformly aircooled. On the other hand there is in be- 
tween these two groups a wide range where the choice of 
the cooling system varies indiscriminately. 

Obviously, the choice of the cooling system is still in- 
fluenced in many instances by personal preference of the de- 
signer rather than by an impartial evaluation of the demands 
of the particular application. 

Considering the increasing variety of aircooled engine 
design compared with the rather standardized features of the 
watercooled engine models, the picture is indeed confusing. 
An attempt is therefore made in this paper to review and 
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clarify the various criteria of aircooled engines and put them, 
as far as possible, in relation to the needs of the agriculture 
and construction industry. 

In comparing aircooling and watercooling emphasis is 
placed on the first and it is assumed that the design features 
of watercooling are known. Furthermore. priority is given 
to the diesel engine since it is this type of engine which, es- 
pecially in agriculture and the construction industry, meets 
with growing interest. ; 

Fig. 2 illustrates the variety in aircooled engine design 
and obtains a better survey, by giving a classification of the 
performance, depending on the specific design features. 
Although this chart is only slightly different from one al- 
ready published in the past, it may be useful for the dis- 
cussion. 

The essential features of the various groups in Table 1 
are roughly as follows: 

1. Group A - Low-speed engines of low specific output, 
lowest price, long life, used primarily for continuous oper - 
ation in industrial and agricultural applications. 

2. Group B - High-speed engines of low output, com- 
pactness, medium life, low weight (due to high speed and 
light metal), used primarily for garden tractors and light ap- 
plications in agriculture. 

3. Group C - High-speed engines of medium output, low 
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Fig. 1 — Internal combustion engines (1959), estimated percent- 
ages of air and liquidcooled engines 


price due to mass production, long life, used for tractors, 
vehicles and equipment of all kind. 

4. Group D - High-speed engines of highest performance, 
low weight high price, used primarily for military purposes. 
This group, however, may be of interest for high perform - 
ance earthmoving equipment. 

Application if the various groups in agriculture and build- 
ing is roughly as follows: 

1. Agriculture. 

Garden and small tractors - Group B. 

Medium-sized and heavy-duty wheel tractors - Group C. 

Combines, hay balers, etc. - Group C. 

Stationary (pumps, blowers etc.) - Groups A, C. 
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2. Earthmoving and building industry. 

Small auxiliary equipment, cement mixers, etc. 
A, G3 

Crawler tractors, loaders, 
medium size - Group C. 

Earthmoving equipment of high performance (not yet e- 
quipped with air-cooled engines) -,Group C (D). 

Fig. 2 shows a comparison of Groups A, C and D and the 
great extent to which the specific output per cu in. depends 
on the design adopted. 

The hp/cu in. reaches from 0.19 to 0.5 hp/cu in. Com- 
pared with the watercooled engine the specific output of the 
aircooled engine is in general 5-15% lower. If the design 
is especially elaborate, the difference may be smaller, and 
vice versa. This difference is due to the lower breathing ef- 
ficiency and to the somewhat larger distortion of the cylinder 
liner when the engine operates at full load. 

The power range of the aircooled engine has recently been 
extended upwards and downwards. The smallest engine'‘has 
4 hp at 3000 rpm. The upeer limit of commercial engines 
has been moved up to 600 hp with exhaust turbocharger. This 
progress is not due as much to aniincrease of cylinder size 
as to higher speed and higher bmep. 

Bmep of 170 lb/sq in. have beensuccessfully run on high- 
performance aircooled engines of Group D. However, the 
resultant peak pressure raises the mechanical and thermal 
stresses in the cylinder head close to safe limits. Bmep be- 
yond 200 lb/sq in. are the domaine of liquid-cooled engines 


- Groups 


excavators, scrapers etc. of 


with a rigid unit-bloc structure. 
Likewise is the maximum aircooled cylinder size limited 
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Table 1 - Average Characteristics of aircooled Diesel Engines 


Medium Size High 
Small Size Multi- Performance 
Industrial Tractor Purpose Military 
eee pee Sets, eer Tae Cee i 
Bore, In. 3.0 to 4.5 De to 3,4 3.5 to 4.7 os ‘to Gen: 
Stroke, In, 350 mitomians 3.5 “to 56 4.4 to 5,5 5.5 to 6.9 
Displacement, Cyl-Cu In. 21 te 68— 80 20 to 33 47 to 90 113 to 204 
Hp/Cyl 250 tO ak 6 to | 722 12 to 28 27 to 62 
Number of Cyl 1 to 8 1 to 2 1 to 12 9 to 16 
Hp/Engine 2,05 tole 66 6 to 24 12 to 330 245 to 750 
Speed, rpm 1200 to 1800 2000 to 3000 2000 to 2500 2000 to 2800 
Hp/Cu In. OFL2- to 0219 -26 to 0,36 0.23. to 0732 0.24 to 0,55 
Lbs/Hp 106 to 20 19° “tots 49 to 9 7 to 4.5 
BMEP, psi 60 to 85 43 to 65 78 to 122 86 to 138 
Piston Speed, Ft/Min. 750 to 1300 1350 to 1850 1650 to 2120 2000 to 2300 
Cycle 4 - stroke 2 - stroke 4 - stroke 4 - stroke 


IN 2 Sal 35 SQIN/CUIN, sid 
COOLING FIN SURFACE PER SWEPT VOLUME 

1800. RPM 2300 RPM 

4° BORE 4% BORE Fig. 2— Comparison of thr i 

83 BMEP 95 BMEP duite : ree eS 
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AEUITT DAIMLER BENZ Fig. 3 — Head/liner connection 
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primarily by thermal problems, and a bore size beyond a- 
bout 6.30 in. for both gasoline and diesel engines is not 
advisable. 

The combustion principle is of particular importance to 
the aircooled engine. Inherently, the direct injection sys- 
tem has a lower temperature level and relieves the cooling 
problem. Also, accommodation of the injection nozzle is 
easier than arrangements with a precombustion chamber or 
swirl chamber. On the other hand the clogging problem of 
multi-hole nozzles in high-performance air cooled engines 
requires careful attention. Also, it is difficult to achieve 
smooth operation with direct injection and aircooling be- 
cause of the poor insulation characteristic of a finned cylin- 
der unit. Recently some remarkable designs of direct injec- 
tion systems have been developed (MB, OM, Guldner) which 
evidently are aimed at utilizing the advantages of this prin- 
ciple. But these new engines are characterized by relatively 
low speeds. It is interesting to note that the majority of air- 
cooled engines in Germany are still using the antichamber 
type combustion with its characteristic smooth operation, 
suitability for high speed, and insensitivity against fuel vari- 
ations. Undoubtedly this system has its merits for applica- 
tion in agriculture and earthmoving equipment especially 
when used oversea. In any case it should be said that the 
choice of the combustion principle is one of the essential fac- 
tors to be considered if a change from watercooling to air- 
cooling is planned. 


Design Features 


The following design criteria may illustrate that a reason- 
able compromise between performance and durability on the 
one hand and price and weight on the other is much more 
difficult to be achieved for aircooling than for watercooling. 

Fig. 2 represents three different designs of the critical 
section between the valves and the head/liner connection. 
The figure shows that the cylinders of Group C with through 
bolts permit a smaller cylinder spacing than the screwed con- 
nection of Group D. With watercooled engines it is usually 
easier to provide adequate water distribution at the bridge be- 
tween the valves. The problem is more difficult with aircooled 
engines. Only a careful study of the fin arrangement and air- 
flow pattern in thismost critical area permits adequate control 
of the temperature level. A maximum number of fins with 
a maximum of surface should be located as close as possible 
to the bridge between the valves and the exhaust port. Hot 
spots, restriction of the heat flow and of the cooling air pas- 
sage near the injection nozzle or the combustion chamber 
require a thorough investigation. 

The high performance of Group D is accomplished by us- 
ing an aluminium alloy of high temperature strength for the 
cylinderhead, inclined valves arranged at an angle to the 
engine axis permitting ample finning between the valves, 
and close fin spacing of 160/1000 in. through the shell 
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moulding process. The engine of Group A has a cast iron 
cylinderhead, parallel valves, and fins with almost twice 
the fin spacing (250/1000 in.) of D which results in low 
manufacturing cost. It is obvious that the high-performance 
design of Group D involves substantially higher cost for ma- 
terial. Also, machining requires a larger cylinder spacing. 

Design C is a compromise using aluminium for the cyl- 
inderhead, parallel or only slightly inclined, and a medium 
fin spacing of 220/1000 in. It is a characteristical example 
for a decent design compromise suitable for mass production 
and good performance. 

Any type of cylinderhead requires high air velocities in 
between the valves without undue power loss. Only a care- 
ful design of the air duct system, the baffles, and fin con- 
figuration will ensure this requirement. Adequate material 
sections with respect to heat transfer and mechanical stresses 
are of great importance, 

On large-size watercooled high-speed engines the num- 
ber of valves can be increased and thus the volumetric ef- 
ficiency improved and the thermal! and mechanical stresses 
reduced. With aircooling more than two valves are not ad- 
visable, as the cooling fin layout would otherwise be 
impaired. 

An advantage in favor of the aircooled individual type 
cylinderhead is the easier control of the casting which en- 
sures the desired cooling effect. In contrast it is very dif- 
ficult to eliminate in watercooled block-type cylinderheads 
casting offsets which may lead to considerable trouble inthe 
cooling water circuit. 

The cylinder liner and its ability to retain its shape under 
various operating conditions is of particular importance to 
the performance of aircooled engines. Several methods for 
connecting cylinder head and crankcase and for sealing the 
combustion chamber have been developed. 

The method of using through bolts (Fig. 3) can be regard- 
ed as the standard design. It is cheap and permits a mini- 
mum cylinder spacing. On the other hand, sufficient rigid- 
ity of crankcase, cylinder liner, and cylinderhead is essen- 
tial to withstand and compensate the variable tension loads 
of the through bolts originating from changing operating con- 
ditions. 

Some manufacturers of aircooled diesel engines have 
started securing their cylinders to the crankcase, free from 
longitudinal stress. Various solutions are used. For instance, 


at Daimler-Benz, the head/liner unit is supported by the 


cooling air duct system (Fig. 3). The cylinder is screwed 
into the head and can freely expand in operation. Deform- 
ations should occur only at the head. 

The layout of the Paxmann shown in Fig. 4a, combines 
the cylinderhead and cylinder in a 1-piece aluminium cast- 
ing and uses a pressed-in cast iron sleeve. Head and liner 
are free to expand. 

Fig. 4b shows a heavy-duty engine of Group D (Continen- 
tal tank engine) which is designed like an aircraft engine: 
a steel liner with aluminium fins is screwed and shrunk tight 


406 


rr 


H, H. HAAS 


Table 2 - Influence of Design on Cylinder Spacing/Bore ratio 


Cylinder D Cylinder 
Manufacturer Engine model bore D spacing A Construction A/D 
Deutz FL 514 110 dia 150 mm through 
in-line bolts 1, 36 
Deutz FL 714 120 dia 174 mm through 
bolts 1,54 
DB MB 862 115 dia 184 mm cylinder 
in-line suspended 1.6 
Continental Vv 5,75 dia 9 in. cylinder 
AVDS suspended 1,55 
1790 
V 


Fig. 4 — Layout of head/liner connection 


into the aluminium cylinderhead. 

All these later designs embody the advantage of no de- 
forming or bending forces distorting the liner of head. They 
also permit equal fin depth over the entire cylinder circum- 
ference without cut-outs or interruptions. These stress-free 
designs however, demand larger cylinder spacing and are 
more expensive. A comparison illustrating the influence of 
the various designs on the cylinder spacing/bore ratio is giv- 
en in Table 2. For heat transfer and form stability the stress- 
free cylinder liners with aluminum fin jacket are very fav- 
orable since aluminium improves temperature uniformity a- 
round the circumference and in longitidinal direction of the 
liner, and provides quick transfer of the heat to the cooling 
air. In fact, compared with cast iron this type of liner low- 
ers the temperature on the working surface by as much as 
100 F and the temperature difference on the circumference 
by 40 F. 

Aircooling also offers far more variations of the cool- 


Fig. 5 — Flywheel 
blower 


ing fan than watercooling. It is possible to use either 
pressure cooling or suction cooling. The latter principle re- 
sults in a somewhat better temperature distribution but re- 
quires a 10% larger size fan for discharge of the hot cooling 
air. 

Small engines of Groups A and B use the cheap flywheel 
blowers (Fig. 5) which are the least expensive and are prac- 
ticable up to a maximum of three cylinders. 

Separately driven blower or suction fans, both designed 
as axial fans, are usually positioned at the engine front end, 
particularly for automotive engines (Fig. 6). However, in 
this case a uniform cooling air distribution, especially with 
multi-cylinder engines, can only be accomplished by care- 
ful design of the air duct system. 

The most efficient and compact layout with superior air 
distribution is a suction fan above the engine as shown by 
the Continental tank engine. However, this arrangement 
is suitable only for V-engines and is rather expensive (Fig. 7). 
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Centrifugal fans have good efficiency when they blow di- 
rectly onto the individual cylinders. With this arrangement, 
adopted for many passenger cars like VW, Steyr, and Fiat, 
the fan input can be reduced to less than 4% of the engine 
output. (Fig. 8.) 

A highly efficient cooling system is expected to suit the 
engine's cooling requirements automatically. In watercooled 
engines thermostats are provided in the water circuit to con- 
trol the water temperature. Aircooled engines of simple de- 
sign (Groups A and B) may dispense with cooling air control 
as the inherent high liner temperature of aircooled engines 
generally avoids condensation also as partial load and low 
ambient temperatures. 

Modem aircooled engines of higher output (Groups C and 
D) are equipped to a growing extent with cooling air control. 
Although this air control is more expensive than cooling wat- 
er thermostats, such an air control permits reduction of the 
part-load fuel consumption by reducing the cooling air flow. 
This control is achieved mainly by a controllable hydraulic 
coupling built into the blower drive and influenced by a ther- 
mostat which is depending on load and ambient temperature 
(Fig. 9). Incidentally, this arrangement is also proposed for 
high-performance water-cooled engines in order to obtain 
favorable consumption at partload and high speed. 

Another solution is a cooling air control by thermostat - 
controlled flaps (Fig. 10) installed either in the air duct or 
in the guide vane assembly of the cooling fan. With these 


Fig. 6 — Axial fans 


Fig. 7 — Suction fan 


Fig. 8 — Fan with 
twin rotors 


arrangements it must be assured, however, that the flap 
movement is not hampered by freezing water or dirt forma- 
tion. The temperature feeler is located either in the cool- 
ing air exit or in the exhaust manifold. 

In addition to the major components already discussed, 
there are many other parts which require particular atten- 
tion with aircooling. 

For instance, the crankcase has to have an especially rig - 
id structure to compensate for the missing cylinder block. 
This is particularly important when the engine is a structural 
member of the chassis as for instance in tractors and earth- 
moving vehicles. Means of ensuring the necessary rigidity 


408 


include: crankcase split below the crankshaft center line, 
a tunnel-shaped crankcase, or a crankcase with special re- 
inforcements through box-like elements. (Fig. 11). 

Additional oil cooling is advisable on automotive engines 
where more heat is transferred to the oil due to the hotter 
cylinder liner and valve rocker chamber. 

The increased flexibility and heat expansion of the cyl- 
inder unit under load must be taken into account in the lay- 
out of the valve operating mechanism which may require hy- 
draulic valve tappets. 

The oil tightness of the aircooled engine is important to 
prevent the cooling fins from clogging. Certain standard 
solutions for pushrod tubes and rocker covers have been de- 


veloped which fairly meet all requirements in this respect. 


Bulk and Space Utilization 


Considering the engine without its cooling system, the 
watercooled version can be built more compactly than the 


— 


Fig. 10 — Cooling air 
control by 
thermostatically 
operated flaps 
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aircooled one. The watercooled engine permits smaller cyl- 
inder center distances than the aircooled engine and the spe- 
cific performance of the aircooled engine is somewhat lower 
than that of the watercooled engine. The watercooled en- 
gine, therefore, seems to require less space than the air- 
cooled one. However, considering the engine plus its cool- 
ing system as a unit, both types of engine require about the 
same space. The watercooled engine offers the advantage 
that the bare engine is somewhat smaller and that the cool- 
ing system can be installed separately wherever the space is 
available. On the other hand the water cooling system is 
more complicated and has more components which are li- 
able to develop trouble, such as hoses, and clamps. 

The horsepower per cubic foot of total bulk is a good 
measure of the engine's compactness. It varies from 1-3 
hp cu ft. in the single- and 2-cylinder engines of Groups A 
and B to 2.5 - 7 hp cu ft. in the larger sizes of Groups C and 
D, and it may be as high as 10 hp/cu ft. or more in tank 
engines. 
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Fig. 12 — Motoren- 
fabrik Miinchen- 
Sendling model DL 
107 
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Weight per Horsepower 


Since the weight of aircooled engine includes the weight 
of the cooling system, a weight comparison to the water- 
cooled engine can only be made when its cooling system is 
included. As mentioned already, there is no appreciable 
difference in weight between the two types of engines. The 
engine weight depends on combustion principle, speed, power 
range and other factors more than on the type of cooling. 

The weight per horsepower (referred to rated output) on 
aircooled diesel engines is comparable to watercooled en- 
gines ranges between 40 lb/hp for the 10 hp engines of Group 
A and about 8 1b/hp of the 200 hp engines of Group C. In 
the high-performance Group D a 550 hp engine, for instance, 
has a horsepower weight of 4 lb/hp. These values refer to 
bare engine without fan or cooling system in order to permit 
a correct comparison with watercooled engines. 


Engine Models and Applications 


The following demonstrates the large variety of aircooled 
engine design. 


Motorenfabrik Munchen-Sendling, Model DL 107 (Fig. 12) 
Single-cylinder 2-stroke diesel engine of small output. Group 
Be 


Basic specifications: 


Bore/stroke 2. 56/2.-95 in. 
Piston displacement 15.2 cu in. 
Output 4 hp 
Maximum speed 3000 rpm 


Design features: 

One of the smallest diesel engines. Tunnel-shaped crank- 
case. Built crankshaft supported in anti-friction bearings. 
Governor on crankshaft. Flywheel fan. 


Petters Ltd., Model PC 4 (Fig. 13) - Four-cylinder 4- 


stroke diesel engine, in line. -Group A. 
Basic specifications: 
Bore/stroke 8.00/3.00 in. 
Piston displacement 85 cu in. 
Output 20 hp 
Maximum speed 3000 rpm 


Design features: Direct injection, combustion chamber 
in piston, cast iron cylinderhead, inlet and exhaust parts on 
opposite sides, shrouded inlet valve, cylinder liner with short 
fins and wide fin spacing. 


Klockner-Humboldt-Deutz A. G., Model T1L 110 (Figs. 
14 and 15) - Single-cylinder 2-stroke diesel engine, light 


weight. Group B. 
Basic specifications: 
Bore/stroke 3.16/3. 94 in. 
Piston displacement 30.5 cu in. 
Output 9 hp 
Maximum speed 2500 rpm 


Design features: Direct injection, pear -shaped combus- 


Fig. 13 — Petters, 
Ltd. model PC 4 


Fig. 15 — Kléckner Humboldt Deutz model T1L 110 


tion chamber in cylinderhead, crankcase scavenging, fly- 
wheel fan, spring force starter on flywheel. The engine uses 
aluminum die castings to a wide extent. The cylinder is 
suspended and free to expand. 


Wisconsins Motor Corp., Model VH 4 (Fig. 16) - Four- 


cylinder Otto V-engine. Group C. 
Basic specifications: 
Bore/stroke 8.25/32. 25 in. 
Piston displacement 108 cu in. 
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Fig. 16 — Wisconsin Motor Corp. model VH 4 
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Fig. 17 — Giildner 
Motoren-Werke 


model 3 LKN 
Maximum gross output 30 hp 
Maximum speed 2800 rpm 


Design features: Tunnel-shaped crankcase. Crankshaft 
carried in two anti-friction bearings. Four offset crankpins 
(one connecting rod per crankpin). Flywheel fan. 

Guldner Motoren-Werke, Model 3 LKN (Fig. 17) - Three- 
cylinder 4-stroke diesel engine. Group C. 

Basic specifications: 


Bore/stroke 2. 96/3. 97 in. 
Piston displacement (ia Cusine 
Output 25 hp 

Speed 2600 rpm 


Design features: Direct injection, combustion chamber 
in piston, fin-cooled nozzle holder, pushrods on cooling air 
exit side, Alfin cylinder, tunnelshaped crankcase with di- 
agonal division for main bearings, flywheel fan, crankcase 
cover designed as oil cooler. 

Klockner-Humboldt-Deutz A. G., Model F2L 712 (Fig. 
18) - Two-cylinder 4-stroke diesel engine. Group C. Be- 
longs to a standardized range of in-line engines of 1, 2, 3, 
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Fig. 19 — Daimler Benz AG models MB 863 and MB 864 


4 and 6 cylinders. 
Basic specifications: 


Bore/stroke 3.78/74. 73 in. 
Piston displacement 104 cu in. 
Output 30 hp 

Speed 2800 rpm 


Design features: Aluminium cylinderheads with integrally 
cast and insulated swirl chamber. Tunnel-shaped crankcase 
with central main bearing cap secured from below. Fly- 
wheel-type radial fan. 

Daimler-Benz A. G., Models MB 863 and MB 864 (Fig. 
19) - Four-stroke diesel engine. Three-cylinder in-line, 4- 
cylinder V. Group C. Standardized range of 1, 2, 3, and 
4 cylinders. 

Basic specifications: 


Bore/stroke 4.53/5.32 in. 
Piston displacement 267 and 355 cu in. 
respectively 


Continuous output B 

per cylinder to DIN 6270 20 hp 

Speed 2000 rpm 

Design features: Direct injection. Aluminium cylinder - 
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head with screwed-in cast iron cylinder liner, freely suspen- 
ded. Parallel valves arranged in a plane at a right angle to 
the crankshaft. 

Carl Kaelble GmbH., Model LM 215 v (Fig. 20) - Four- 
cylinder 4-stroke diesel engine, in line. Group C. Range 
consisting of 2, 3, 4 and 6-cylinder in-line engines and 8- 
cylinder V-engine. 

Basic specifications: 


Bore/stroke 4550/5.10°in, 
Piston displacement 329 cu in. 
Continuous output B 

to DIN 6270 66 hp 

Speed 1800 rpm 


Design features: Cylinderhead with interesting fin ar- 
rangement and cooled exhaust duct, inclined valves. 

Tatra (CSR), Model 928 (Fig. 21) - Eight-cylinder 4- 
stroke V diesel engine. Group C. 


Basic specifications: 


Bore/stroke AST2/5.13 10. 
Piston displacement ULGrCUMING 
Output 180 hp 

Speed 2000 rpm 


Design features: Hydraulic coupling for cooling fan. Tem- 
perature feeler behind the last cylinder. 


Davey, Paxmann & Co. Ltd., Model Vega 8YGA (Fig. 
22) - Eight-cylinder 4-stroke V diesel engine. Group C. 


Basic specifications: 


Bore/stroke 6. 06/6. 47 in. 
Piston displacement 1530 cu in. 
Output 306 hp 

naturally aspirated 
Speed 2000 rpm 


Design features: Cylinderhead and cylinder cast from al- 
uminium in one piece with a shrunk-in liner. Chaindriven 
cooling fan with temperature control. 

The 12-cylinder version of this model delivers 600 hp 
when supercharged and is thus the most powerful aircooled 
industrial engine. 


Fig. 20 — Carl Kaelble GMBH model LM 215V 
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Fig. 22 — Davey, Paxmann & Co., Ltd model VEGA 8YGA 


Manufacture and Operation 


Manufacturing cost - The manufacturing costs of an en- 
gine depend on the weight of the raw material, the machin- 
ed weight, the type of materials used, the degree of ma- 
chining accuracy, time for assembly, and the like. For air- 
cooled engines more light metal is often used. High-per- 
formance densely finned liners and cylinder heads are com- 
paratively expensive castings. The cooling air fan is more 
expensive than the cooling water pump and the fan of a wat- 
ercooled engine. On the other hand, a watercooled block 
and cylinder head are very complicated castings involving 
higher scrap rates and set-up cost. 

A great advantage of the aircooled engine is the use of 
the identical cylinder unit for a wide range of standardized 
engines (Fig. 23) which permits mass production tooling and 
thus results in low machining costs. (Fig. 24). 

The manufacturing costs of aircooled engines are slightly 
higher than those of watercooled engines but the manufac- 
turing equipment in general is slightly cheaper and simpler. 
However this largely depends on the Group to which the en- 
gine belongs; aircooled engines of Group A with one andtwo 
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Fig. 24 — Cylinder head transfer line 


cylinders may be even cheaper than comparable watercooled 
engines including the cooling system. 


Spare Parts Service 


The “building block principle” is of advantage not only 
to manufacturing but, also to the spare parts service. In fact, 
engines with one to 12 cylinders can be serviced with asmall 
stock of identical parts. Builders using tractors, trucks, earth- 
moving machinery, or generator sets of varying horsepower 
but of an identical basic engine model are able to substan- 
tially simplify their replacement and overhaul procedures. 
In contrast, users of watercooled engines, built on the con- 
ventional cylinder block principle where each engine size 
has another cylinder block, must keep cylinderheads, gas- 
kets and numerous other parts of different designs on stock. 
Fig. 25 shows, tor instance, a building site using 16 differ - 
ent vehicles and pieces of equipment developing between 
15 and 200 hp, which are all driven by engines of the same 
basic model (Deutz FL 514/614). 

The building block principle is also very suitable for ex- 
port to overseas, especially for underdeveloped countries 
where savings in tooling, stockparts, maintenance, andtrain- 
ing of service personnel are essential. 

Before switching to the statistics, the properties of the 
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Fig. 23 — Engines built on building 
block principle 


aircooled engine which, apart from design, appeat to be of 
particular importance for use in agriculture and earthmov- 
ing industry will be pointed out. 


Reliability of Operation 


In this respect aircooling has definite merits: 

1. Absence of any leakage on hoses, water pump, radi- 
ator, cylinder gasket. 

2. Ability to operate satisfactorily at practically all ex- 
isting ambient temperatures without the necessity for making 
special provisions. Frost damage is eliminated. 

3. Outstanding emergency capability which permits the 
aircooled engine to continue operation in the event of a 
cooling fan drive failure, compared to the instant break- 
down of a watercooled engine when a defect develops on any 
part of the cooling system. 

4. Dispense of anti-freezes, cooling water and control 
equipment for pressure cooling. Elimination of corrosion on 
cylinder liner and crankcase through cooling water. 

5. Elimination of cooling trouble through impurities in 
the water. Clogging up of the cooling fins of an aircooled 
engine by sand and dirt affects engine performance only 
slightly, whereas clogging the air ducts of a radiator results 
in boiling and complete stoppage of the engine. 

6. Independence of the cooling effect from altitude, re- 
spectively from the boiling point of a liquid coolant, which 
may require an oversized radiator for high altitude. 

7. Insensitivity to mechanical damage by blows, shocks, 
and vibration, compared with the very vulnerable radiator 
and hose system of the watercooled engine. 

8. No need for frequent overhaul on radiator, thermo- 
stat and hoses during field operation. 

Considering that by switching from watercooled gasoline 
engines to the aircooled diesel approximately 20% of fail- 
ures due to the cooling system and the about 20% failures 
due to the ignition system, are eliminated, the growing pop- 
ularity of the aircooled diesel in agriculture, earthmoving 
and building industries should become quite comprehensible. 

The higher cylinder liner temperature of aircooled en- 
gines at part-load has also a favorable effect on the wear 
rate, 
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The cold start behaviour of aircooled engines, especial- 
ly with cooling air control, is more favorable than that of 
watercooled engines. The mass surrounding the combustion 
chamber is smaller due to the absence of the cooling water 
jacket so that less compression heat is lost during the start - 
ing procedure. 


Operating Conditions 


The proper function of an engine depends largely on the 
roundness of the cylinder liner, the operating clearance be- 
tween piston and cylinder, the tightness of the piston rings, 
and the sealing pressure between cylinder head and liner. 
The larger the actual temperature differences of the various 
components are, the more distortion and deformation may 
impede the satisfactory function of the engine. 

Factors which are more difficult to control on aircooled 
than on watercooled engines include: 

1. The great temperature difference between the cool- 
ing air inlet and exit side and between the upper and lower 
end of the cylinder liner. 

2. Uneven distribution of the cooling air between the 
various cylinders. 

3. Mechanical deformation of the engine components 
through the combustion forces. 

The great variety of designs already discussed originated 
from the desire to tackle these problems. 


Noise 


The water jacket surrounding the combustion chamber of 
the watercooled engine has a sound absorbing effect, while 
the vibrating cooling fins of the aircooled engine tend to 
transmit the sound to the surrounding air. Accordingly, the 
watercooled engine is inherently superior to its aircooled ri- 
val with respect to smooth and quiet operation. However, 
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Fig. 25 — Building site using one 
single engine series 


careful research work made it possible to reduce the noise 


of the aircooled engine considerably. By providing a sound- 
proof engine compartment - although this adds to the cost - 
noise can be practically eliminated. Automobiles equipped 


with modern aircooled engines and well insulated, such as 
the new Chevrolet Corvair and the Deutz Magirus Bus, oper- 
ate at a noise level equal to any watercooled vehicle. 


Cost of Development 


The success of the aircooled engine in general and of the 
aircooled diesel in particular depends on careful design and 
development. While watercooling can be brought to satis- 
factory results with comparatively small research expendi- 
ture, aircooling requires an exact knowledge of the thermal 
problems, extensive practical experience, and very elabor- 
ate tests under all existing conditions. Thus, higher devel- 
opment cost and a longer development time are to be taken 
in account when aircooled engines of competitive perform- 
ance and durability are desired. 

In the USA aircooling plays a subordinate role, except 
for certain military applications, such as tanks, and a first 
step in car design, the Corvair built by Chevrolet. 

Undoubtedly this inconclusive situation is influenced by 
the passenger car. In Germany after the war the small and 
cheap passenger car found wide acceptance. These carshave 
been mostly equipped with aircooled engines developed dur- 
ing the war. Thus this type of cooling system was introduced 
to wide circles. This contributed certainly to the remark- 
able success of aircooling in the agriculture and construc- 
tion industry, as well as in many other fields, because every- 
body knew already that aircooled engines can operate satis- 
factorily. It should also be pointed out that it is the simple 
and robust engine of medium output where aircooling is pre- 
vailing in Germany while the heavy-duty automotive en- 
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gines, especially when supercharged, are still predominant- 
ly watercooled. 

In underdeveloped countries the aircooled diesel engine 
is finding growing acceptance on account of its robustness 
as well as simple maintenance and parts stock-keeping. 

The following diagrams give a clear picture of the de- 
velopment in Germany. There is, unfortunately, only little 
information available for England and USA. 


Statistics 


Air cooling versus watercooling in farm tractors in West- 
ern Germany, (Figs. 26 and 27). The percentage of air 
cooling in all farm tractors of German origin sold in Ger- 
many rose from 20, 3% in 1951 to 54, 9% in 1959. 


Air and watercooling in construction machinery displayed 
at the Hanover Fair 1949 - 1960 (Fig. 28 - The Technical 


Fair at Hanover is one of the greatest displays of building 
machinery of all kinds. A census on how many of these ma- 
chines operate with aircooled and how many with water- 
cooled engines gives the following picture: 
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Fig. 26 — Agricultural tractors sold in Western Germany; per- 
centages of air and watercooling 
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Fig. 27 — Agricultural tractors sold in Western Germany; quan- 
tities of aircooled and watercooled units 
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While in 1949 only 2. 5% of the construction machinery 

was aircooled, this proportion rose steadily from year to year 
and reached in 1957 already 70%, The slight decrease of 
aircooling between 1957 - 1960 is due to the growing import 
of construction machinery from abroad which is exclusively 
water-cooled. 
In 1950 besides Deutz only three companies produced air- 
cooled diesel engines in Western Germany. Since then the 
number of companies, which manufacture aircooled engines, 
increased steadily. While there were only four companies 
with eight engine models in 1950, there were 19 companies 
with 64 engine models in 1956, 

At the same time the commercial range increases from 
110 hp in 1950 to 330 hp in 1960 in Germany respectively 
to 600 hp in England. 

Makers and models of aircooled diesel engines in Western 


Germany and in the world (Fig. 30) - Not only in Western 


Germany but also in many other countries of the world the 
production of aircooled diesel engines is continuously rising. 
This trend applies to the number of makers and models of- 
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TO GROWING PROPORTION OF EXCLUSIVLY 
WATER - COOLED FOREIGN ENGINES. 
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Fig. 28 — Percentages of aircooled industrial engines found at 
Hanover Fair 
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Fig. 29 — Production of aircooled engines in West 
1950-1956, models and output range : pA eh SU 
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Fig. 31 — Production of aircooled engines in England, number 
of makers and models 
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Fig. 32 — Production of J. C. engines in USA (except outboard, 
automotive and aircraft) 


fered as well as to the total number of engines manufactured. 
In England, Czechoslovakia, Eastern Germany and Switzer- 
land numerous new models of aircooled engines have been 
developed. In 1957 there were 22 makers with 85 models 
in the rest of the world. 


Makers and models of aircooled engines in England (Fig. 


31) - In the absence of other information, only the increase 
of makers and models of aircooled engines in England can 
be shown. The trend is likewise upward. 

Sales of aircooled engines in the USA (Fig. 32) - Also 
in the USA the sales of aircooled engines rose between 1954 
and 1957, but it seems that this was due to the growing sale 
of grass mowers. Although latest figures are not available, 
it is safe to assume that with the introduction of aircooled 
passenger cars the trend will continue to be upward. 


Summary 


Within the scope of this paper an attempt has been made 
to compare the advantages and problems of air and water- 
cooling. It is, however, almost impossible to find a com- 
mon denominator for the many and often opposite require- 
ments which the cooling system must meet in agriculture and 
construction industry. In fact, the classification discussed 
under section Cl shows that almost for each particular appli- 
cation there is also a particularly suitable design. For this 
reason the author endeavoured not to pass a general judg- 


ment in favor of one or the other cooling system nor of one 
or the other design. The aim was rather to demonstrate that 
there should never be generalization but careful considera- 
tion be given to each particular installation. 

Nevertheless, some essential items ofthis discussion should 
be summarized, 

The aircooled engine, and in particular the aircooled die- 
sel engine, is generally neither of lower weight nor of lower 
cost than the watercooled engine. Nor should aircooling be 


considered preferable for maximum ratings as its foremost 
suitability is rather within the medium performance range. 
The aircooled engine demands a particular and honest effort 
on the part of the design and development engineer to make 
it an equal or superior partner of the watercooled engine. 

However, the aircooled diesel engine has uncontested re- 
liability in operation under the most difficult conditions, It 
is this quality which has contributed most to the advance of 
aircooled engines, 
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An Engine Test for Predicting 


SINCE 1952 the American Petroleum Institute Service Clas- 
sification System (1)* has been widely used by the automo- 
tive industry in the United States in making passenger-car 
engine lubricant recommendations even though service ex- 
perience has shown it to be inadequate. The primary factor 
responsible for this inadequacy is that the API system pro- 
vides no method for determining the quality level necessary 
to meet the requirements of a given service. Also, exten- 
sive service experience has shown that some marketers have 
completely disregarded the apparent intent of the API de- 
finitions. For example, oils designated for Service MS range 
in quality from straight mineral oils to products which are 
more than adequate. (This situation is discussed further in 
Appendix A.) 

As a result it has been decided that if the automobile in- 
dustry is to continue to use the API Service Classification 
System, a method must be found to implement the defini- 
tions. It has been suggested (2) that a partial solution could 
be provided by establishing minimum performance levels 
for each service classification. This suggestion led to the 
publication of a series of engine oil performance tests for 


*Numbers in parentheses designate references at end of 
paper. 
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the Performance of 


describing the oil quality level necessary for satisfactory op- 
eration of passenger-car engines under severe service con- 
ditions. 

It is the objective of this paper’to describe one of the en- 
gine tests which is being used to define minimum accept- 
able performance, in current passenger-car engines, of oils 
designated for MS Service. This test is commonly known 
as Sequences I, II, and III of the G-IV Test Sequences, Test 
Sequences I, II, and III will be referred to throughout the 
paper as "the engine test" or "the engine performance test”. 
The paper discusses the test development, describes the en- 
gine operating conditions, points out some of the important 
variables, shows the correlation with service, and indicates 
some of the test limitations. 


Test Development Criteria 


In developing an engine test to define minimum lubri- 
cant performance levels for Service MS in current passen- 
ger-car engines, it was decided that the test procedure should 
reflect what was believed to be the intent of the API defi- 
nition. For example, the definition of Service Classifica- 
tion MS was interpreted to mean that MS oils should pro- 
vide more engine protection than ML or MM oils. Also, the 
protection should be sufficient to result in acceptable per- 


Engine Lubricants in Most Severe 
Passenger Car Service 


formance with respect to wear or deposits under all (includ- 
ing severe) operating conditions encountered by passenger- 
car owners, An oil formulated for average service should 
not be designated for Service MS. 

The API Service Classification System includes engine 
design considerations as a variable. It was believed that 
the intent of the API definition was that oils designated for 
Service MS should perform satisfactorily in all current en- 
gine designs. This factor has two important implications: 


1. Since engine designs change, the type of lubricant 
designated for Service MS may change. 

2. The testing of lubricants in full-scale engines of cur- 
rent design provides some assurance that the oils will satis- 
factorily lubricant such engines in service. 


The most important requirement was that the engine test 
separate acceptable lubricants from those oils which result 
in service problems, On the other hand, the test need not 
necessarily rank the best lubricants in the proper order. In 
addition, the test must provide satisfactory repeatability. 

The engine test should include operation under conditions 
resulting in the condensation of moisture and acidic blowby 
contaminants in the engine crankcase. This is important in 
that most service problems are associated with low tempera- 
ture engine operation. The additive depletion which occurs 
under these conditions can drastically change the perform- 
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ance of the lubricant. 

The test was not intended to evaluate all the desirable 
oil performance properties, It was considered acceptable 
to include only those performance criteria which recent ex- 
perience had shown to be associated with service problems. 

Finally, the engine test would provide a full-scale eval- 
uation of lubricant performance in current passenger-car en- 
gines under conditions that approximate actual service. It 
was anticipated that this evaluation would provide a basis 
for estimating the service performance of the lubricant. The 
test was not intended for use in routine screening of additives 
or lubricants, 


Engine Test Conditions 


Since the test procedure is readily available, (2, 3, 4), 
the engine operating conditions, only, are summarized in 
Table I, Table I summarizes the 1960 test (3) conditions. 
The 1958 procedures (2, 4) differed primarily in that it did 
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Table 1 - 1960 Engine Test Conditions 
1960 Production V-8 Passenger Car Engine F 


Section A Section B Section C* 


Speed, rpm 2500 1500 3400 
Load, bhp 2 25 85 
Coolant Out, F 95 95 200 
Oil Sump, F 120 Max. 120 260, 265 


Carburetor Air 


Humidity, gr/Ib 80 80 80 
Carburetor Air 

Temperature, F 80 80 80 
Air-Fuel Ratio 14 14 15 
Blowby Rate, cfm 0.4 0.8 2.0 
Exhaust Back 

Pressure, In. Water D 4 20 


Crankcase Oil 


Filler Tube Plugged Plugged Unplugged 
Test Duration, hr 

Engine Time 5 30 40 

Elapsed Time 30 60 40 


*Section C includes evaluations of rumble made at full- 
throttle and 2500 rpm. 


not include rumble evaluations. 

As indicated in Table I, the engine performance test con- 
sists of three parts, Section A is a cam and lifter scuffing 
test. It consists of 10 minutes of operation at the conditions 
indicated, followed by a 50-minute shut-down with the cool 
ant maintained at 965 F. 

The scuffing test is included as the initial part of the pro- 
cedure in that new engine parts are much more susceptible 
to scuffing failure than used components, The ability of a 
lubricant to prevent damage during the initial run-in of 
heavily loaded cams and lifters is a good measure of the 
anti-scuff performance of the lubricant. 

Following the successful completion of 30 cycles under 
the conditions of Section A, the test is continued to Section 
B without oil change. 

Section B is primarily a low-temperature engine rusting 
and corrosion test (5). This section consists of a cycle of 
3 hr of operation followed by a 3-hr shut-down at a control- 
led coolant outlet temperature of 95 F. Upon the successful 
completion of 10 cycles, the test is continued to Section C 
without oil drain. 

Section C is a high-temperature oil oxidation test. This 
section consists of 40 hr of continuous operation at relatively 
high engine speeds and loads. Section C differs from the 
widely used CRC L-4 procedure (4,6) as follows: 

1, A modern automotive passenger-car engine is used, 
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2, The test is run on used oil. 

During Sections A and B water and acidic blowby con- 
taminants accumulate in the engine crankcase. These con- 
taminants can result in additive depletion and seriously af- 
fect lubricant performance, Section C evaluates the high- 


‘ temperature stability of crankcase oils following operation 


in the presence of low-temperature engine contaminants. 


In addition, the combustion chamber deposits are eval- 
uated during Section C for their tendency to cause engine 
rumble, 


Rating Procedures 


Valve-lifter scuffing is determined by a visual inspection 
of the part. Any visible scuffing is considered evidence of 
failure. 

Cam and lifter wear is reported as the decrease in major 
diameter of the cam plus the mating lifter length loss, 

The rust rating system is based on a rating of ten for a 
perfectly clean part and a rating of zero for a part com- 
covered with a heavy layer of rust. The system parallels 
the CRC cludge and varnish rating scales which are used in 
evaluating sludge and varnish deposition. 

The engine rumble rating is determined in terms of a 
series of blends of leaded isooctane and leaded benzene. 
Leaded isooctane, a fuel relatively insensitive to rumble, 
is arbitrarily assigned a rating of 100. Leaded benzene, a 
fuel relatively sensitive to rumble, is assigned a rating of 
zero, A rumble rating of 60 means that a blend of 60% 
leaded isooctane and 40% leaded benzene is the lowest LIB 
number blend capable of suppressing rumble. The higher 
the rating of the LIB blend necessary to repress rumble, the 
greater the tendency of the engine to rumble. 


Some Important Test Variables 


Section A - One of the most important variables is that 
of engine speed. This is illustrated by Fig. 1. These data 
(7) show that engine speed is an important variables at en- 
gine speeds below 2500 rpm. Fig. 1 also indicates that fail 
ures occur more readily when a cyclic procedure is used. 

As would be expected with any scuffing or wear test, the 
valve-train loads must be carefully controlled. 

Although some effect of engine temperature on scuffing 
tendency has been observed, the low temperatures and the 
plugged oil filler tube are specified in Section A because 
of their influence on lubricant performance during Section 
B. 

Section B - The most important variables are the amount 
and type of contaminants which accumulate in the engine 
crankcase (5). The amount of material condensing in the 
crankcase is primarily a function of engine temperatures and 
the blowby rate. The cylinder wall temperature largely de- 
termines the rate of condensation, Repeatability thus re- 
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Fig. 1 — Effect of engine speed on time to scuff cams or lifters 


quires close control of engine coolant inlet and outlet tem- 
peratures. In addition, the condensates will remain in the 
crankcase only if the crankcase lubricant temperature is 
low enough to discourage subsequent evaporation. Although 
engine coolant temperature is controlled during shut-down 
to minimize the effect of changing ambient air tempera- 
tures, optimum repeatability can only be obtained if the 
ambient air temperature and rate of air flow over the en- 
gine are also controlled. 

The effects of blowby rate changes on rusting tendency 
are illustrated in Table 2, The blowby rate is a function 
of cylinder and ring condition, engine speed, and load, Al- 
so, the amount of exhaust gas passing through the engine 


crankcase can vary with the exhaust valve guide condition 
and exhaust back pressure. High exhaust back pressures can 
result in appreciable flow of exhaust gas through worn valve 
guides and into the crankcase. 

The composition of the condensates accumulating in the 
engine is related to the composition of the blowby gas, The 
latter varies with engine speed, load, fuel, air-fuel ratio, 
and carburetor air humidity. 

The effect of fuel composition on lubricating oil perform- 
ance has been known forsome time (8). Moreover, the fact that 
substantial amounts of fuel accumulate in engine crankcases 
during low-temperature operation is generallyknown. These 
facts are not surprising when it is recognized that a substan- 
tial amount of unburned fuel is present in the blowby gas 
(9). In addition to unburned fuel, the blowby gases con- 
tain oxidized and partially oxidized materials, Accord- 
ingly, such factors as the fuel TEL and sulfur contents (Table 
3) become very important, 

The blowby gas composition also varies with carburetor 
air humidity. It has been shown (5) that this factor is im- 
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Fig. 2 — Effect of carburetor air humidity on hydraulic valve 
lifter rusting 


Table 2 - Effect of Blowby Rate on Engine Rusting 
and Corrosion 


1958 Engine F, Commercial MS Oil Ol 


Section B Average Lifter 
Blowby Rate, cfm P Rust Rating 
0.6 10.0 
0.8 9.8 
ihe (0) 8.8 
We z Tee 
Section C - Section C is primarily an oil oxidation test. 


The important variables include engine temperature, avail- 
able oxygen, crankcase oil charge, fuel, air-fuel ratio, and 
blowby rate and composition. 

The amount of available oxygen varies with the blowby 
gas composition (9, 10), which is related to the engine air- 
fuel ratio. The amount of available oxygen is also increas- 
ed by unplugging the crankcase oil filler tube during Sec- 
tion C. 

The net effect of a number of variables related to en- 
gine air-fuel ratio is illustrated using the L-4 data shown 
in Table 4. The engine blowby rate can also affect the test 
results as indicated by the data of Table 5, 


portant in the rusting and corrosion of important engine parts 


(Fig. 2). 
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Table 3 - Change in Valve Lifter Rusting With Fuel 
Sulfur Content 


1956 Engine C, Commercial MS Oil O3 


Fuel Sulfur Average Lifter 


Content, wt. % Rust Rating 
0. 06 10.0 
0.16 9.0 
0. 30 Had 


Table 4 - Effect of Air-Fuel Ratio on L-4 Test Results 


Piston Varnish 


Rating Bearing Wt. Loss, mg 
A/F (Oil S]) (55% REO 7/45% REO 12) 
13. 0 8.5 800 
14,5 6.5 380, 275, 315 
16,5 6.0 765 


Table 5 - Effect of Blowby Rate on Engine Sludge 
and Varnish Ratings 


Average Engine Ratings, 
Individual Tests 


Cover Sludge Piston Varnish 


Section C 


Blowby Rate, cfm 


Lo Teo), dha att 
aoe AXo) Paglo) 


QueSs Da 285 5 i 
S210, sos 0. et, She 


Section C is also useful in evaluating the tendency of 
combustion chamber deposits to produce engine rumble. 
However, consistent results require careful control of fuel 
and compression ratio as is generally appreciated. 

In addition, it has been shown (11) that engine rumble 
varies with fuel type, additive content, and air-fuel ratio 
with maximum rumble occurring near maximum power mix- 
ture ratios. Rumble tendencies increase with compression 
ratio, carburetor air temperature, engine load, and engine 
speed, Increasing carburetor air humidity results in decreas- 
ed engine rumble tendencies, 

The length of time the engine is permitted to operate 
at high load is important because of the resulting removal 
of combustion chamber deposits. Accordingly, such seem- 
ingly unimportant factors as the rate at which the throttle 
is opened can have an important effect on engine rumble 
ratings. 
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Test Repeatability 


Table 6 and Figs. 3-6 present the results of several tests 
on each of a group of engine oils. The data in the figures 
are the ratings for individual tests on a given oil, plotted 
against the average for all tests on the oil. The shaded 
areas represent the 95% confidence level sampling errors 


for single tests, At a lifter rust rating of about 8 this error 
is+ 0.8 number. The top cover sludge and piston varnish 
sampling errors are about + 0.4 number at a ratingof9. The 
individual test sampling errors for wear, bearing weight loss, 


and rumble are + 0,0012in., + 50 mg, and + 10 LIB num- 
bers respectively at the 95% confidence level. This repeat- 
ability is considered acceptable. However, acceptable re- 
peatability can be obtained only by careful attention to de- 
tail as outlined in the previous section. 


Lubricants Evaluated 


Appendix B presents a summary of some of the physical 
and chemical properties of some of the physical and chemi- 
cal properties of 57 oils evaluated in the performance test. 
With the exception of three CRC Reference Oils, all were 
commercial products designated by the marketer for Service 
MS. The commercial oils were selected on the basis of avail- 
able service performance data and to illustrate performance 
differences that may be observed. An examination of Ap- 
pendix C indicates that these oils cover a wide range of base 
stocks, additive treatments, and viscosity grades. 


Performance Variations with Commercial Oils 


Table 7 is a tabulation of results obtained using both the 
1958 and the 1960 procedures, Some of the data are aver- 
ages of two or more tests of a given oil. Inspection of Table 
7 indicates very wide variations in lubricant performance 
with oils designated for Service MS. This is further illus- 
trated by the photographs of Fig. 7. It is impossible to re- 
concile such extremes in lubricant performance with the 
statement that "Under Service MS, the engine should re- 
ceive from the lubricating oil the maximum possible pro- 
tection against wear and deposits under all operating con- 
ditions, " (12) 


Correlation with Service Performance 


Table 8 compares engine test results with service scuff- 
ing and wear data. These data show that oils (Group 1) 
which resulted in field service scuffing failures also result 
in failure in the engine performance test. 

In two instances, Oils D3 and D4 (Group 2) which are 
considered about borderline with respect to scuff perform- 
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INDIVIDUAL TEST RATINGS 


AVERAGE - ALL TESTS 


Fig. 3 — Variation in average valve lifter rust ratings 


INDIVIDUAL TEST RATINGS 


6 8 10 


AVERAGE - ALL TESTS 
Fig. 4 — Variation in top cover sludge ratings 


ance, the type of failure observed in service was different 
than that predicted by the engine test. The service perform- 
ance of such oils is not acceptable. 

Group 3 oils show that products acceptable in service al- 
so pass the engine test. Oils B3, D2, D5, and Q2 are re- 
formulations of Oils B2, D1, D4, andQl respectively. Table 
7 includes data for a large number of other oils which are 
satisfactory in the engine test and have resulted in no known 
field service scuffing problems, 

The Group 4 oils of Table 8 point out one of the limita- 
tions of the engine test. Field failures have been observed 
with a limited number of oils that pass the test. These dif- 
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Fig. 6 — Variation in rumble ratings 


ferences in severity may be due, in part, to fatigue, dif- 
ferences in additive depletion, or oil dilution. 


Table 9 shows a correlation of the engine performance 
test with the short-trip rusting test described in Appendix C, 
The engine test and the short-trip service test show the same 
ranking of lubricants with respect to anti-rust performance. 

Table 10 shows the correlation of the engine performance 
test and service rusting experience for a group of commer- 
cial MS oils. The service data are a compilation of infor- 
mation from company-owned cars in general transportation 
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Rust 


Sludge 
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service and data from service reports. These data also show 
a satisfactory correlation of engine test results with service 
experience. 

Figs. 8 and 9 show the correlation of engine test and serv- 
ice sludge and varnish deposition data. The service data 
are results obtained with company-owned cars in general 
transportation service. This type of service is representative 
of relatively long-trip operation and includes a minimum 
of short trips. In general, oils acceptable in service rate 
essentially clean in the performance test. The engine test 
does not differentiate among top quality lubricants with re- 
spect to either sludge or varnish deposition. 


Fig. 10 compares engine performance test rumble ratings 


with road test data (13) for several commercial MS oils. The 
road test data were accumulated in four different groups of 


cars, Three of these were production vehicles ranging in 


Poor Performance 
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Fig. 7 — Variations in performance noted with various 
commercial MS oils 


compression ratio from 9. 75 to 10, 5:1, Commercial gaso- 
lines were used in accumulating the combustion chamber 
deposits in these cars, The experimental 12:1 compression 
ratio car was fueled with a gasoline containing one theory 
of phosphorus (11). These data show that the engine per- 
formance test provides the same ranking of lubricants with 
respect to rumble tendencies as has been observed on the 
road, 


Summary 


Service experience has indicated a need for implement- 
ing the API Service Designation MS as applied to current 
passenger-car engine lubricants. An engine performance 
test has been developed to evaluate oils with respect to scuff- 
ing, wear, rust, corrosion, deposits, and rumble under con- 
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TOP COVER SLUDGE RATING - ENGINE TEST 


AVERAGE SLUDGE RATING - SERVICE CARS 


Fig. 8 — Comparison of engine performance test and service 
sludge ratings 


(e) 


AVERAGE PISTON VARNISH RATING - ENGINE TEST 


AVERAGE VARNISH RATING - SERVICE CARS 


Fig. 9 — Comparison of engine performance test and service 
varnish ratings 


ditions typical of those existing in service, Experience has 
shown this test to be useful in establishing minimum per- 
formance levels, with respect to the above criteria, for oils 
designated for Service MS in current passenger-car engines. 

Acceptable repeatability is indicated by the data pre- 
sented. The data also show that satisfactory repeatability 
can be obtained only if all of the important test variables 
are properly controlled. The data obtained under these con- 
ditions correlate well with the field performance of repre- 
sentative commercial lubricants, 
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Table 8 - Correlation of Engine Test with Service 
Scuffing and Wear Data 


1958 Engine Field Service 


Group Oil Test Results Experience 
1 L2 Fail (scuffing) Scuffing Failures 


B2 Fail (scuffing) Extensive Scuffing 


Failures 

A383 Fail (scuffing) Extensive Scuffing 
Failures 

D1 Fail (scuffing) Extensive Scuffing 
Failures 


‘y4 Fail (scuffing) 
Ql Fail (scuffing) 


Scuffing Failures 
Scuffing Failures 


2 D3 Borderline (wear) Scuffing Failures 
D4 Fail (scuffing) Excessive Wear 


8 B3 Pass No Reported Failures 


D2 Pass No Reported Failures 
Q2 Pass No Reported Failures 
D5 Pass No Reported Failures 


4 ABA Pass 
Ul Pass 
Ld Pass 


Scuffing Failures 
Scuffing Failures 
Scuffing Failures 


Table 9 - Correlation of Engine and Short Trip 
Rusting Test Results 


Average Lifter Rust Rating 
Short Trip Tests 


Oil 1960 Engine Test (Cars C and D) 
O38 oo 10.0 
IP Bail 95.0 
N2 9.0 8.5 
L3 a0 8.0 
M1 10) 6.0 


Appendix A — Engine Lubricant Performance 
Testing — Why? 


This section is devoted to a discussion of some of the 
reasons for the engine builder's interest in lubricant perfornr 
ance testing. 

The Engine Builder and Lubricant Performance - The 
engine manufacturer is directly concerned with engine lu- 
bricant performance for several reasons. For example, the 
design engineer recognizes that the ultimate design is in- 
fluenced by the intended lubricant. The choice of material 
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CAR TANK FUEL P 


@ 1959 Car B, 
4 1960 Car B, 
0 1960 Car F, 
© 12:1 CR Car, 


0.20 theory 
0.20 theory 
0.15 theory 
1:00 theory 


RUMBLE RATING - ENGINE TEST (LIB) 


0 20 40 60 80 100 
ROAD RUMBLE REQUIREMENT (LIB) 


Fig. 10 — Comparison of engine performance test and road rum- 
ble requirements 


Fig. 11 — Typical catastrophic cam lobe and lifter failure show- 
ing badly damaged cam lobe and corresponding dished lifter 


for a given part and the loads this part will carry are direct- 
ly related to the lubricant. Therefore, the lubricant is as 
much a material of design as are the steels, cast irons, or 
other materials used. 

The development engineer recognizes that the lubricant 
is also an important factor in engine performance. Accord- 
ingly, if he is to evaluate the effects of engine design chang- 
es on the performance of a vehicle, it is necessary that re- 
presentative development oils be selected, It is obviously 
a physical impossibility to include all the various lubricant 
types in the engine development program. Moreover, the 
development oil must be selected with considerable care. 
If these oils are representative of the best commercial lu- 
bricants, the manufacturer is assured of service problems 
when lower quality oils are used. In fact, most past lubri- 
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Table 10 - Correlation of Engine Test and Service 
Rusting Results 


1960 Engine Test 
Average Lifter 


Oil —_Rust Rating 


General Service 


Experience 


El Ste Good, occasional 
trace rust 
O2 9.6 Good 
Cr 8.0 Satisfactory to good 
L3 7.6 Light rust 
M1 tia Poor 
Poor, considerable 


REO 132 6.8 
rust 


47 FIELD FAILURES 


PERCENT FAILURES 


0.00 0.02 0.04 0.06 0.08 0.10 
USED OIL ZINC CONCENTRATION (WT. %) 
Fig. 12 — Frequency distribution showing the relationship of 
cam and lifter failures to zinc concentration in used oil 


Table 11 - Comparison of Second and Third Line 


MS Oils 
Lifter Top Cover Piston 
Oil. Rust Sludge Varnish 
Ol (Second Line) 9.8 9.0 9.7 
O6 (Third Line) 4,0 tee 5.5 


cant service problems have resulted from the service use of 
engine oils which differed markedly from the oils used in 
developing the engine. In addition, developing an engine 
to operate on minimum quality lubricants leads to excessive 
manufacturing costs and the desired engine performance 
may never be obtained. 

When the engine is released for production it becomes 
the responsibility of the equipment manufacturer to recom- 
mend, to the customer, a type of lubricant which will in- 
sure satisfactory service performance. This problemiscom- 
plicated by 

1, The unsatisfactory performance of some filling sta- 
tion lubricants as shown in Table 7 and Fig. 3, 
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WORN SURFACE PROFILE 
APPROXIMATE ORIGINAL SURFACE 


Fig. 14 — Profile of badly worn lifter plunger, 4000 miles serv- 
ice, commercial MS oil 


2. The lack of a reliable oil classification system. 

In fact, it is currently impossible to write recommen- 
dations which will insure the service use of suitable lubri- 
cants. Nevertheless, if lubricant misapplication results i. 
service problems, it is the equipment manufacturer who 
must pay the direct warranty cost and/or the indirect cost 
resulting from the decreased public acceptance of his product. 

Accordingly, the lubrication problems facing the equip- 
ment manufacturer includes the selection of a lubricant per- 
formance level and an oil change interval for design pur- 
poses, and of selecting representative development oils to 
provide maximum equipment life and performance at the 


429 


Fig. 13 — Rusted exhaust 
valve stem and guide, 1959 
make B, 4000 miles of 
service 


100 50 POUND LOAD 
11/16" DIA. PLUNGER 


UPPER LIMIT 
NEW LIFTERS 


80 


60 


40 
LOWER LIMIT 
NEW LIFTER 
Ai i | 
20 USED LIFTER 


J\ 


LEAKDOWN TIME FOR 0.125 INCH PLUNGER DROP (SECS) 


0.00010 0.00015 0.00020 0.00025 0.00030 0.00035 


CLEARANCE BETWEEN THE LIFTER PLUNGER 
AND THE LIFTER BODY (INCHES) 


Fig. 15 — Variation of hydraulic valve lifter leakdown time with 
plunger-body clearance 


lowest total cost to the customer. The ultimate problem 
is that of insuring that the customer use lubricants which 
will perform at least as well as the development oil. These 
factors emphasize his concern about oil classification sys- 
tems. 

API Service Classificatiqgn System - Since 1952 theonly 
oil classification system available to the automobile indus- 
try has been the American Petroleum Institute Service Class- 
ification System. The history leading to the development 
of this system has been discussed by Round (1). The cur- 
rent description is available in the SAE Handbook (12). 

In general, the API System establishes three types of serv- 
ice for gasoline engines. These may be summarizes as fol- 
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lows: 

1. Service ML - Service typical of operation under light- 
duty or favorable operating conditions. 

2. Service MM - Service typical of moderate to severe 
operation conditions. 

3, Service MS - Service typical of operation under un- 
favorable or severe types of service. 


The above definitions and a study of the API Service 
Classification System indicate that one objective was to es- 
tablish three different service classifications which could be 
satisfied by the use of three different lubricants of varying 
performance levels. It would also appear that it was the in- 
tent of the system that oils designated for Service MS re- 
present the best available lubricants. 

This is important in that a study of the marketing prac- 
tices of the petroleum industry has indicated that many conr 
panies sell three quality levels in their filling stations. These 
may be defined as follows: 

1, First Line Oils - These are generally premium-priced, 
multiviscosity grade products. Such oils generally result in 
good to excellent service performance although there are 
some notable exceptions. 

2. Second Line Oils - These products are usually single 
viscosity grade oils with somewhat lower additive treatments, 
selling at a nominal price reduction from first line products, 
Many of these oils result in adequate performance. 

3, Third Line Oils - These products are usually oxida- 
tion-inhibited mineral oils or oils containing minimum ad- 
ditive treatments. These oils do not provide adequate per- 
formance, 

However, contrary to what would appear to be the intent 
of the API Service Classification System, all three of the 
above oil quality grades have been designated for Service 
MS by some marketers. This practice leads to completely 
unacceptable performance with many MS oils. For example, 
this paper contains data for a second and third line oil mar- 
keted by one petroleum company. These data are summa- 
rized in Table 11. The designation of third line oils of this 
performance level for Service MS is absolutely contrary to 
the apparent intent of the API Service Classification System. 

Service experience has proven the API Service Classi- 
fication System inadequate. The primary reason is that no 
means were provided for insuring that a lubricant designated 
for a particular service met any performance requirements, 

Field Service Problems Related to Use of Commercial 
MS Oils - During the last three years a number of service 
problems have been encountered which were directly related 


tothe use of inadequate oils designated for Service MS. 


These problems are discussed in the following paragraphs. 
1. Scuffing and Wear - The most serious problem in- 
volved the catastrophic wear of cams and hydraulic valve 
lifters. Fig. 11 is a photograph of a typical failure. The 
following examples illustrate the problem. 
One example involves a Mid-Western town which had 
two automobile dealers handling the same make of vehicle. 
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Over a 6-month period the first dealer reported catastrophic 
cam and lifter failures in 28 new automobiles. This dealer 
was using an engine oil subsequently shown to be deficient 
in anti-scuff performance. The second dealer was handling 
acceptable competitive oils and had no service failures. 
* Another example involves a customer who replaced four 
camshafts within 2000 miles. His dealer also used an en- 
gine oil deficient in anti-scuff performance. After the 
fourth failure, the customer, being a man of some discre- 
tion, changed to a competitive brand of oil and encounter- 
ed no further cam failures. 
These and similar field failures stimulated an intensive 
investigation of the problem. At one point in the investi- 
gation used oil samples from engines with failed cams and 


lifters were analyzed with some of the results shown in Fig. 
12. These data indicate that the incidence of failure de- 
creased rapidly at used oil zinc contents greater than 0. 02%, 
No failures were observed where zinc contents were greater 
than 0.07%, These data suggested that the problem wasre- 
lated to the absence of zinc dialkyldithiophosphate addi- 
tives, one additive known to provide excellent lubricant an- 
ti-scuff performance. 

The data of Fig. 12 and the case histories reported above 
suggest that the cam and lifter failures were associated with 
particular lubricants. In fact, it was subsequently shown 
that only a small number of lubricants were actually in- 
volved. For example, some 73% of the failures noted in 
Fig. 12 were associated with lubricants marketed by a single 
company. 

Another problem involved the wear of fuel pump eccen- 
trics. While this problem was not of the catastrophic vari- 
ety, engine failures have occurred due to the inability of 
the fuel pump to supply a sufficient quantity of fuel. This 
problem has also been related to the use of lubricants hav- 
ing very low Zinc contents. In general, the use of oils hav- 
ing higher zinc contents has resulted in reduced eccentric 
wear. 

Although service experience has indicated that the use 
of zinc-containing additives provides one solution to these 
problems, other additives can also impart the desired per- 
formance (14). 

2. Rust and Corrosion - The rusting and corrosion of hy- 
draulic valve lifters and valve stems illustrates another serv- 
ice problem which can be related to oil quality. A photo- 
graph showing a badly rusted exhaust valve stem is shown 
in Fig. 13. The valve stem stuck in the guide due to rust 
accumulation during storage. Rusting may also result in 
the sticking of hydraulic valve lifters. 

The rusting and corrosion of hydraulic valve lifters can 
also cause rapid wear of these critical engine parts as is 
illustrated by Fig. 14. This high rate of wear was due to 
the fact that the corrosion product ". . . isacommon grind- 
ing compound. Low temperature operation, therefore, ac- 
celerates wear in two ways: First, by causing corrosion. . . 
and secondly, by the corrosion product causing abrasive 
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Fig. 17 — Badly varnished rocker-arm shaft 


wear, ” (15) 

Plunger wear is important since lifter body-plunger an- 
nular clearances must be closely controlled to provide the 
of higher compression ratios in passenger car engines is en- 
gine rumble. Although the severity of this problem varies 
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widely with a number of factors, the engine lubricant used 
is one of the variables which must be considered (11). 

During the last two years several engine manufacturers 
have decreased engine compression ratios because of service 
problems related to rumble, although this problem has been 
of major concern only in some geographical areas, Rumble 
can result in emphatic customer complaint despite the fact 
that rumble alone has not been observed to have caused en- 
gine damage. 
desired performance. Fig. 15 indicates that the maximum 
clearance which will result in an acceptable leakdown time 
is about 0,00024 in, Fig. 14 illustrates an instance where 
an increase in this dimension of 0.00050 in. occurred in 
only 4000 miles of operation. This relatively small wear 
is sufficient to result in unacceptable lifter performance. 

3. Sludge and Varnish Deposition - Service problems 
relating to sludge and varnish deposition can occur as a re- 
sult of lubricant high temperature instability and instability 
resulting from some combination of low- and high-temper- 
ature operation. 

Lubricant instability at high operating temperatures has 
caused hydraulic valve lifter sticking. An example is shown 
in Fig. 16, 

Another service problem involved the sticking of rocker 
arms and bending of push rods due to the accumulation of 
varnish on the rocker shaft (Fig. 17). This was due to var- 
nish deposition observed with certain lubricants following 


combinations of short-trip and high-temperature service. 
Additive depletion during low-temperature short-trip oper- 
ation can be sufficiently severe that excessive oxidation and 
sludge and varnish deposition will occur during subsequent 
high-temperature operation. # 

4, Engine Rumble - The major factor limiting the use 
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Appendix C — Short-Trip Service Tests 


The short-trip service tests consisted of a 3-month period 
of operation between November and April. New cars were 
used, The cars were broken in on factory-fill oil and care- 
fully checked to insure that break-in proceeded uniformly, 
blowby rates were satisfactory, and that engine air-fuel ra- 
tios, operating temperatures, and warm-up rates were un- 
iform. 

Following assurance that the break-in was satisfactory, 
the cars were driven in home-to-work transportation service. 
The drivers were rotated daily and required to abide by the 
following regulations: 

1. No car was driven more than 4 miles at any onetime. 

2. The accumulated mileage would not exceed 4 miles 
in any 4-hr period. 

3. No car was driven more than 40 mph at any time. 

4, Idling was not permitted except asnecessary in traffic 

The cars were parked outside at all times aud the com- 
mercial premium-grade gasoline used had a sulfur content 
of 0. 02%. 
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A Consideration of the 


Deposit Ignition Mechanism 


THE PROBLEM of deposit-induced surface ignition in gas- 
oline engines has been recognized for about 40 years. As 
early as 1918 T. A. Boyd (1)*, using one of Midgley's 
early indicators, recorded pressure cards of pre-ignited gas- 
oline engine explosions. Since then, a number of abnormal 
combustion phenomena which can be traced to deposit ig- 
nition as the origin have been identified; for example, pre- 
ignition, wild-ping, and, more recently, rumble. 

Despite the long history of interest in the subject, the 
mechanism of ignition by hot surfaces, whether caused by 
deposits or by hot spots in the combustion chamber, is not 
well understood. This should not be surprising, since the ig- 
nition mechanism of spark knock, which has received con- 
siderably more attention than deposit ignition, has not been 
completely elucidated. Nevertheless, the problem of deposit 
ignition in today's automotive engines is one of serious pro- 
portions, gradually approaching the problem of spark knock 
in overall importance. It therefore requires continued effort 
to understand the mechanism of deposit ignition so that the 
most effective remedial measures can be determined. 

In this paper, a comparison is made of the ease of igni- 
tion in an operating engine of various fuel-air mixtures by 
both engine deposits and hot wires,’ From the results of this 
study, a model of the mechanism of deposit ignition is pro- 
posed, based upon the assumption that the basic surface 
ignition process is the same regardless of the type of surface 
Although the model is not adequate to satisfactorily explain 
all known experimental data, verifying experiments reported 
herein, together with the fact that the model is consistent 
with most experimental data, indicate that it is worthy of 
consideration. 


* Numbers in parentheses designate References at end of 
paper. 
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Equipment and Procedure 


Two different sets of equipment were used in obtaining 
the data discussed herein. One was used in finding the depos- 
it ignition resistance of fuels and the other to determine the 
time and surface temperature for ignition by hot surfaces. 
Both techniques were applied in the same operating engine. 

APPARATUS USED FOR DETERMINATION OF DEPOSIT 
IGNITION RESISTANCE OF FUELS - The most difficult 
problem in finding the deposit ignition resistance of fuels 
is to provide a reproducible deposit condition in a reasonable 
length of time. This problem was attacked by using a de- 
posit aspiration technique, originally proposed by Sabina, 
Mikita, and Campbell (2), whereby engine deposits were 
introduced to the engine through the induction system. This 
technique eliminates the time-consuming process of build- 
ing up deposits in the combustion chamber. 

Fig. 1 shows a schematic view of the equipment. To in- 
troduce deposits, 0.1 gr of 65-80 mesh engine deposits were 
loaded into the check valve through the deposit filler hole. 
The actuating switch was then depressed. This allowed the 
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Fig. 1 — Schematic of deposit aspiration apparatus 
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Fig. 2 — Schematic of optical temperature-measuring system 


Fig. 3 — Schematic of surface radiation oscillogram 


solenoid valve to open when the coincidence circuit contact 
points driven by the engine were closed. The contact points 
were set so that the nitrogen plus deposits reached the under- 
side of the engine intake valve just as it opened. This al- 
lowed the nitrogen and deposits to enter the combustion 
chamber during the intake stroke and provided about 180 deg 
of crankshaft rotation to complete the aspiration process, 
This technique produced relatively short-lived, but great, 
deposit activity. 

Measuring the amount of deposit activity was accom- 
plished by determining the time of occurrence of peak cyl- 
inder pressure in each of the 20 cycles immediately follow- 
ing aspiration. The average of these values was compared 
with the average time of peak cylinder pressure for the 20 
normal explosions just preceding aspiration. The greater the 
difference between the two average times of peak pressure, 
the greater the deposit activity or the lower the ignition re- 
sistance of the fuel being tested. 

In order to monitor the times of occurrence of consecutive 
peak cylinder pressures, an electronic counter called the 
peak pressure distribution counter was designed and built by 
the physics department of the General Motors Research Lab- 
oratories. The instrument is discussed in detail in a paper 
by Weller, Schubring, and Fitch (3) and is similar to the one 
described morerecently by Hyatt, Tomsic, and Mellinger (4). 

The engine deposits used in the aspiration system could 
be either synthetic or actual engine deposits. Numerous at- 
tempts were made to produce synthetic deposits, but the 
problem of obtaining an intimate association of carbon and 
lead salts was never solved satisfactorily. The deposits used 
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in these experiments were actual deposits scraped from a 
multicylinder engine operating on a commercial fuel and 
oil. 

The test engine used in this series of experiments was a 
L-head ASTM-CFR engine having a compression ratio of 
6. 75:1. Table I shows the engine operating conditions. 
These operating conditions were chosen after considerable 
experimentation. While the effects of most of the engine 
operating variables on the severity of deposit ignition were 
already known, the problem here was to provide the maxi- 
mum sensitivity in measuring deposit ignition resistance of 
fuels. 

APPARATUS USED IN DETERMINING TIME OF IGNITION 
AND SJJRFACE TEMPERATURE - Various stationary hot sur- 
faces ranging from deposit pelletsto chromel wires were used 
in the study of surface ignition with an operating engine. 
Part of this study required the measurement of both the time 
of ignition of the gaseous mixture and the relative surface 
temperatures of the hot surfaces at the time they caused 
ignition. 

An ionization gap was used to indicate when ignition oc- 
curred. A special 10-mm AC spark plug (number 458-JAA) 
with electrodes extended about 9/16 in. was used as the 
ionization gap. This gap was positioned in the head of the 
engine such that the gap was approximately 1/8 in. from 
the hot surface, causing ignition. By applying 45 v dc tothe 
ionization gap, sufficient current flow through the gap was 
available to trigger other electronic equipment when the gap 
became ionized. The output of the gap was fed through a 
pulse shaper to the peak pressure distribution counter referred 
to earlier. The counter produced a visible display of distri- 
bution of times of gap ionization (in terms of crank angles) 
for 100 consecutive cycles. From this information, an aver- 
age time of ionization was calculated. This time was taken 
as the average time of ignition by the hot surface, since the 
assumption was made that the time required for a flame 
front to travel the 1/8 in. from the wire to the gap was con- 
stant, regardless of fuel. 

An optical system utilizing a lead sulfide cell was con- 
structed to measure the surface temperature of the igniting 
surface at the time of ignition. Fig. 2 shows a schematic 
representation of the system. For convenience of discussion, 
the instrumentation can be broken down into the optical and 
electrical portions. 

The functions of the optical portion were to focus the 
radiation from the hot surface onto the lead sulfide cell and 
to provide a means of standardizing the cell. A 3/8 in. 
diameter quartz window was mounted in the cylinder head 
directly over the hot surface. Radiation from the hot sur- 
faces that passed through the quartz window was reflected 
off a front-surfaced mirror into a collumating lens and fo- 
cused by a second lens close to the cell. 

Standardization of the hot surface radiation was accom- 
plished by providing a tungsten lamp in an additional optical 
path. The lead sulfide cell was exposed to the tungsten lamp 
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about one-quarter of the time by means of three front-sur- 
faced mirrors mounted on a light chopper disc which was 
driven at one-half engine speed. The disc was so constructed 
that, as shown in Fig. 2, one-half of the time the lead sul- 
fide cell was exposed to the radiation from the hot surface 
in the engine and the remainder of the time exposed alter- 
nately to the radiation from the tungsten lamp and to the 
radiation from the portions of the disc assumed to be at room 
temperature. 

The electrical portion of the temperature- measuring sys- 
tem consisted of a lead sulfide cell, a cathode follower, and 
an oscilloscope. Lead sulfide cells are infrared sensitive, 
photoelectric devices whose resistances change in propor- 
tion to the amount of radiation received. By applying a 
fixed voltage to the cell and measuring the current varia- 
tion, a signal proportional to radiation was obtained. For 
the data cited herein, a Cetron E 706 lead sulfide cell was 
used. This cell had a time constant of about 60 mu sec. 

A sketch of a characteristic oscillogram produced by the 
temperature- measuring system is shown in Fig. 3. The three 
square waves represent standardizing signals from the stan- 
dardizing portion of the optical circuit. The tops of the 
square waves were caused by the radiation from the tungsten 
lamp and the bottoms by the radiation from the room-tem- 
perature portions of the disc. The standardizing section of 
the disc served not only as a means of signal calibration, 
but also as a means of blocking out the relatively intense 
gas radiation due to combustion that would otherwise satu- 
rate the lead sulfide cell. 

The right-hand half of the trace represents the variation 
in radiation of the hot surface from about the beginning of 
the intake stroke until combustion is initiated. Point A on 
the trace represents the time that ignition occurs. The last 
portion of the trace represents radiation from both the hot 
surface and the hot gases. The temperature of the surface 
just prior to ignition was the important temperature in these 
studies; therefore, the radiation at Point A was the crucial 
value. 

The optical lead sulfide system has three major advan- 
tages: 

1. The system has a sufficiently high frequency response 
to follow the transient temperature variations of a hot sur- 
face in an engine running at 1000 rpm. 

2. The optical system measures surface temperature, 
believed to be the critical temperature as far as surface ig- 
nition is concerned, rather than average mass temperature. 

3. There is no physical connection between the optical 
system and the object being measured. Thus, the igniting 
surface may be changed without disturbing the temperature- 
measuring apparatus. 

The major disadvantage of the optical system is the fact 
that it does not provide a direct temperature reading. To 
convert the output of the lead sulfide system into tempera- 
ture readings, it would be necessary to know the emissivi- 
ties of the ignition source. Such information is not readily 
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Table 1 - Engine Operating Conditions 
Engine speed 1000 rpm Coolant temp. 360 F 
Throttle Fully open Oil Temp. 180 F 
Inlet air pressure Atmospheric Spark advance  tdc 
Inlet air Ambient Air- fuel 10% rich 
temperature mixture 


available. Since relative temperatures were sufficient for 
most of the experiments, the disadvantage of not knowing 
the emissivities did not prove to be a serious handicap in the 
present investigation. 

The engine and operating conditions (Table 1) for this 
series of experiments were the same as those used for the 
deposit ignition experiments described previously. 


Data and Discussion 


DEPOSIT IGNITION RESISTANCE RATINGS OF FUELS - 
As mentioned previously, the major difficulty in finding de- 
posit ignition resistance of fuels is to provide reproducible 
engine deposit conditions from cycle to cycle and from 
rating to rating. In order to circumvent as much of the dif- 
ficulty as possible, two steps were taken. 

1. Leaded iso- octane- benzene (LIB*) reference fuels were 
run as standards, along with the fuels to be rated. 

2. By randomly changing the order in which the fuels are 
rated, and by rating each fuel including the standard ones 
a number of times, statistical procedures could be used to 
arrive at average ratings and to determine if significant dif- 
ferences existed between the fuels. 

The so-called standard or LIB reference fuel series is made 
up of blends of leaded iso-octane and leaded benzene. Each 
blend contains 3 ml tel/gal to ensure that the antiknock 
quality of the blends is sufficiently high to suppress spark 
knock under most conditions. Since iso-octane has a high 
resistance to deposit ignition and benzene a low resistance (5), 
blends of the two form a reference fuel system that can be 
used in rating the deposit ignition resistance of fuels. The 
LIB numbers assigned to these blends are equivalent to the 
volume percentage of leaded iso-octane in the blend. 

The deposit ignition resistance ratings of fuels are ex- 
pressed as the LIB reference fuel equivalent in deposit igni- 
tion resistance as defined by the difference in time of peak 
cylinder pressure technique described previously. Each fuel 
was run a total of 16 times in random order; so each rating 
is an average of 16 determinations. 

Table 2 shows deposit ignition resistance ratings of a 
number of hydrocarbons. With the exception of furan and 
methanol, each rating shown is an average of at least three 
ratings, or three times 16 determinations. 


* Originally proposed by the Combustion Chamber De- 
posits Group, Coordinating Research Council. 
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Fig. 4 — Effect of surface temperature on hot spot ignition 


Table 2 - Resistance of Fuels to Ignition by Engine 
Deposits as Determined by the Engine Aspiration Technique 


Rating 
Fuel LIB Number 
2,2 Dimethylbutane High Resistance ra 
Isooctane ed 
2,3 Dimethylbutane 86 
Diisobutylene 57 
Cyclohexane + 3 ml tel/gal 51 
Toluene 42 
Furan 30, 
Benzene 0 
Propane et 
Methanol -110 
Ethylene Low Resistance -175 


The brackets shown on the data indicate that any two 
fuels within the same bracket are not signiticantly ditterent 
at the 95% confidence level. These significance-determina- 
tions were made by use of the statistical method described 
by Duncan (6). 

Obviously, methanol and ethylene ratings represent gross 
extrapolations of the reference fuel system, since benzene 
with an assigned LIB rating of zero represents the reference 
fuel with the least resistance to deposit ignition. The ratings 
of methanol and ethylene are included, however, to give 
an indication of the range of deposit ignition resistances of 
hydrocarbons which can be used as fuels in spark ignition 
engines. 

Even though the total range of deposit ignition resistance 
ratings vary from 120 to -175, or about 300 LIB numbers, 
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most commercial fuels appear to fall in a 25-LIB range be- 
tween 50-75 LIB numbers (7). Very little data are available 
to indicate whether or not the fuel ratings shown in Table 2 
would be the same if determined in a multicylinder engine 
on the road. However, the ratings shown by Stebar, Wiese, 
and Everett (7) of toluene and 2,3 dimethylbutane, using a 
multicylinder engine road-rating technique, does show good 
agreement with the ratings shown in Table 2 for these two 
fuels. 


HOT SPOT IGNITION RESISTANCE RATINGS OF FUELS - 
Another form of ignition which, superficially at least, bears 
a resemblance to deposit ignition is hot spot ignition. It was 
thought that a careful study of the hot spot ignition resist- 
ances of iueis in the same engine and under the same engine 
operating conditions as was used in obtaining the data shown 
in Table 2 might provide a clue to the mechanism of deposit 
ignition. Therefore, such determinations were carried out 
using the L-head ASTM-CFR engine and the operating con- 
ditions shown in Table 1. 

A chromel "A" wire, 0.040 in. in diameter, was used 
to simulate the hot spot. The wire was bent into a U-shape, 
3/8-in. long, and brazed to the center electrode and 
threaded body of a 14-mm glow plug in place of the original 
resistance wire. The wire was heated electrically by use of 
a 6 v storage battery and the temperature of the wire was 
varied by changing the current in the wire with a carbon 
stack rheostat. 

The time of the ignition caused by the hot wire and the 
relative surface temperature of the wire were determined 
by the methods described previously. 

There are two obvious means of finding the relative re- 
sistances of a group of fuels to ignition by such a hot wire: 

1. Vary the temperature of the wire to produce a con- 
stant time of ignition, regardless of fuel. The temperature 
of the wire for each fuel then can be assumed to be a meas- 
ure of the resistance of the fuel to hot spot ignition. Prefer- 
ably, such a method would require that the absolute tem- 
peratures of the wire be determined. 

2. Maintain the wire temperature constant at the time 
of ignition. Then the time that ignition occurs can be used 
as a measure of ignition resistance. 

During experimentation using both methods, it was dis- 
covered that the data showed some variation. Therefore, a 
number of readings were required so that a statistical aver- 
age could be obtained. The latter method of finding igni- 
tion resistances of fuels was preferred, since the time of ig- 
nition could be recorded automatically by the electronic 
counter described earlier. 

To determine whether both methods produced the same 
ranking of fuels, a series of experiments was run using iso- 
octane, di-isobutylene, and toluene. From these experi- 
ments, the times of ignition were determined for a series 
of apparent wire temperatures. The results are shown in 
Fig. 4. As shown in the figure, the relative ignition resist- 
ances of these three fuels did not vary, regardless of whether 
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a constant time of ignition or a constant wire temperature 
and variable ignition time was used to rate the various fuels. 
This rating was assumed to reflect the relative hot spot igni- 
tion resistances of the fuels. 

The actual procedure of maintaining a constant wire 
temperature at the time of ignition was accomplished by 
setting the tungsten lamp in the optical temperature-meas- 
uring system at a predetermined temperature and varying 
the chromel wire current until the wire signal at the time 
of ignition gave the same vertical oscilloscope deflection 
as did the tungsten lamp signal. This condition is represented 
in Fig. 3 by having Point A on the hot wire portion of the 
trace equivalent to the tops of the calibration square wave. 

The predetermined temperature was chosen so that the 
wire would ignite fuels of both high and low ignition resist- 
ance and still not cause fuels of low ignition resistance to 
backfire through the intake valve. The wire temperature 
at the time of ignition then was maintained identically tor 
all fuels by adjusting the wire current as required. 

To facilitate the comparison of the ignition resistances 
of a number of fuels, an interlocking chain block experi- 
mental design (8) was used in conjunction with Duncan's 
statistical analysis (6), mentioned earlier. This procedure 
minimized any bias in the data due to run-to-run variation 
within fuels, as well as day-to-day variation in average 
ratings. It also provides a method of finding significant dif- 
ferences between fuels. This procedure required that each 
fuel be rated four times in a prescribed order and that each 
rating be an average one of 100 consecutive engine explo- 
sions. The necessary data was conveniently accumulated by 
the electronic counter. 


Table 3 shows the hot wire ignition resistance ratings of 
10 fuels, as determined by the procedures just described. 
The fuels are arranged in decreasing order of ignition resist- 
ance. The earlier the time of ignition, the lower was the 
resistance, since the wire was always adjusted to produce 
the same temperature just prior to ignition, regardless of 
fuels or times of ignition. The brackets on the data again 
indicate that fuels within the same bracket are not signifi- 
cantly different at the 95% confidence level. 

Among the hot spot ignition results in the literature, two 
series of experiments are particularly pertinent to the present 
investigation. One of these was a series of experiments run 
in operating engines by a group of laboratories for the Com- 
bustion Chamber Deposits Group, Coordinating Research 
Council (9). In these experiments, an electrically heated 
glow plug was used as the source of ignition. The minimum 
glow plug current that would cause ignition was used as the 
measure of ignition resistance. 

The results obtained in this manner are not in agreement 
with those shown in Table 3. This is not surprising, since 
the CRC program participants assumed that the wire tem- 
perature was a function of wire current alone, whereas for 
the results reported herein no such assumption was necessary. 

To determine the effect of this assumption, a series of 
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Table 3 - Resistance of Fuels to Ignition by a Hot Wire 
in an Operating Engine 


Time of Ignition 


Fuel Deg btc 
Methane High Resistance No Ignition 
Toluene 82.0 
Propane 84.0 
Iso-octane 96.0 

2,2 Dimethylbutane 102.0 
Di-isobutylene 103. | 
Indonene 106.2 

2,3 Dimethylbutane 112. | 
Benzene 114.0 
Ethylene Low Resistance 7150 (backfired) 


experiments were run with the procedure used by the CRC 
Program participants. At the same time, the temperature 
of the wire producing ignition was measured by the previ- 
ously described optical system. It was found that if wire 
current was used as the measure of wire temperature, the 
results were the same as those obtained by the CRC Program 
participants. However, if the optical indication of the tem- 
perature of the wire just prior to ignition was used, then re- 
sults consistent with those shown in Table 3 were obtained. 

It would appear from these experiments that heat transfer 
between the hot wire and the surrounding gases materially 
affects the temperature of the wire. When the wire current 
was held constant, experiments with benzene, toluene, 
cyclohexane, and iso-octane showed that the surface tem- 
perature of the wire, as measured with the optical temper- 
ature-measuring system, varied with the fuel used and with 
the engine operating conditions. It would therefore appear 
that wire current is not a satisfactory index of wire tempera- 
ture in an operating engine. 

A series of experiments performed by Agnew and Bowlus 
(10) is also of interest. These experiments were carried out 
in a constant volume bomb. Centrally located within the 
bomb was a nickel-chromium wire which was heated elec- 
trically. The wire was heated at a rate so that ignition oc- 
curred in 3 sec, The wire temperature was monitored through 
a small window in the bomb with a calibrated photoelectric 
cell. 

Table 4 shows the results of these experiments. 

The fuels marked with an asterisk were also rated in the 
engine experiments reported in Table 3. A comparison of 
the relative rankings of the fuels in Tables 3 and 4 shows 
good agreement, despite the wide differences in experi— 
mental conditions. 

PROPOSED MECHANISM OF DEPOSIT IGNITION - As can 
be seen in Tables 2 and 3, comparison of the experimental 
results which were obtained in the same engine, under the 
same engine operating conditions but with different sources 
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Fig. 5 — Schematic illustrating ignition by engine esau ac- 
cording to proposed ignition mechanism 


Table 4 - Resistance of Stoichiometric Air-Fuel Mixtures 
to Ignition by a Hot Wire - Constant Volume Bomb 
Experiments (10) 


Wire Temperature Just 


Fuel Causing Ignition, F 
*Methane > 2300 
*Toluene 2240 
*Propane 2215 
*Tso- octane 2210 
*Benzene 2170 
n- Hexane 2150 
Butane 2140 
Cyclohexane 2140 
Ethane 2080 
n- Heptene 2050 
*Ethylene 1900 
Acetylene 1760 


of ignition, shows that ignition resistances of fuels vary with 
the type of surface causing ignition. If it is assumed that 
basically the ignition mechanisms are the same with a 
variation to account for the difference in surface character- 
istics, then an interesting speculation as to the mechanism 
of ignition by hot surfaces can be made. 

Briefly, the proposed mechanism stipulates that a fuel- 
air mixture, upon contact with a hot surface, will be heated 
and ignition of the mixture will occur if the following two 
conditions are simultaneously satisfied: 

1. The composition of the mixture is within the limits 
of inflammability. 

2. The temperature of the mixture is above the ignition 
temperature. 

With certain materials -- for example, engine deposits 
-- combustion of the surface causing ignition occurs. When 
this takes place, oxygen must be consumed in the process, 
The removal of oxygen from the mixture creates an oxygen 
deficiency in the mixture adjacent to the surface. 

It has been well established that combustion can occur 
only within fairly narrow limits of air-fuel ratios--the two 
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Fig. 6 — Schematic illustrating ignition by inert surfaces accord- 
ing to proposed ignition mechanism 
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limits of inflammability (11). In the case of deposit igni- 
tion, the engine deposit may consume so much oxygen that 
the air-fuel ratio of the mixture immediately adjacent to 
the deposit surface may exceed the rich limit of inflamma- 
bility. If ignition is to take place under these circumstances, 
it must do so at a distance from the deposit surface where 
the air-fuel mixture is within the flammability limits. 

If it is further assumed that for surface ignition of any 
type to occur some critical volume of air-fuel mixture must 
be heated by the surface to the ignition temperature of the 
mixture, then the further this critical volume is from the 
surface, the hotter the surface must become to cause igni- 
tion because of heat transfer considerations (based on 
thermal theory of ignition). The combination of local tem- 
perature and air-fuel ratio considerations constitutes the 
basis of the proposed mechanism of ignition by hot surfaces 
in general and deposits in particular. 

A schematic illustration of a case in which deposit igni- 
tion would occur according to the proposed mechanism is 
shown in Fig. 5. As shown in the figure, the temperature 
of the mixture surrounding the depositis assumed to decrease 
as the distance from the surface increases, until the average 
mixture temperature is reached. Also, the air-fuel ratio of 
the mixture is assumed to increase as the distance from the 
surface increases, until the average ratio of the mixture is 
reached. 

Up to a distance X from the deposit surface, the air-fuel 
mixture surrounding the deposit is too rich to burn, because 
the deposit has consumed too much of the local oxygen 
supply. At distances greater than Y from the deposit surface, 
the air-fuel mixture temperature is too cold to cause igni- 
tion. Since a zone exists which is greater than distance X 
from the deposit surface, but less than distance Y, then both 
the temperature and air-fuel requirements for ignition are 
satisfied simultaneously and ignition should occur, 

In the case where the surface causing ignition does not 
consume oxygen, the mixture requirement for ignition is no 
longer important. As shown schematically in Fig. 6, a tem- 
perature gradient will still exist in the immediate neighbor- 
hood of the surface as before. However, the air-fuel ratio 
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willnow be independent of distance from the surface. There- 
fore, as soon as the surface reaches the ignition temperature 
of the air-fuel mixture, as shown schematically in the 
figure, ignition will occur at the surface proper. 

There are a number of complicating effects which have 
thus far been ignored. For instance, it has been well estab- 
lished (11, 12) that dilution of CO2 and Neg can have a very 
substantial effect on the limits of inflammability. Also, 
information regarding the effect of mixture ratio on the 
ignition temperature is not complete. Investigations by 
Spencer (13), as well as our own, showed that mixture ratio 
had negligible effect on hot wire ignition temperature for 
the range of mixture ratios commonly encountered in opera- 
ting engines. However, whether this finding can be extended 
to the limits of inflammability has not been determined. 

It has been known for a number of years that some sur- 
faces are catalytic and conducive to certain surface reac- 
tions. As an example, consider the ignition experiments of 
Coward and Guest (14). In their experiments, it was found 
that platinum wire, though very active catalytically, re- 
quired a higher temperature to ignite fuel-air mixtures than 
a surface of equal dimension but of lesser catalytic action. 
On the other hand, when a cold jet of hydrogen and oxygen 
mixture was allowed to stream over cold platinized asbestos, 
the asbestos became red hot and ignition of the mixture fol- 
lowed. 

The explanation (15) applied to this set of seemingly 
contradictory facts was that surface reaction reduced the 
the availability of the fresh mixture near the surface of the 
platinum wire. Consequently, the temperature required for 
ignition was increased. In the case of platinized asbestos, 
however, since the heat conductivity is poorer than that of 
platinum wire, the platinized asbestos material attains 
higher surface temperatures and ignition is more likely to 
occur. 

It is interesting to note the similarity of this explanation 
with the present explanation of deposit ignition where oxygen 
near the deposit surface is consumed by the combustion of 
the deposit, andas a result, gas phaseignition occurs at some 
distance from the deposit surface. 

Catalytic surface reactions probably also occur during the 
ignition process by hot surfaces in operating engines. As was 
shown, this type of reactions exerts considerable influence 
on surface temperature and local mixture air-fuel ratio. 
However, when these two factors have been duly considered 


as they are in the proposed ignition mechanism, the prin- 
cipal effects of catalytic surface reaction on ignition are 
taken into account. 

There is another area in which surface reactions might 
have influence on surface ignition, That is the possibility 
that surface reactions may produce reaction products with 
lower ignition temperatures than the parent hydrocarbon. 
At present, we know of no way to evaluate this possibility. 

CORRELATION OF EXPERIMENTAL RESULTS WITH PRO- 
POSED IGNITION MECHANISM - Surface temperature was 
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suggested in the proposed ignition mechanism as being one 
of the influential parameters in the ignition process by hot 
surfaces. Experiments were performed to assess the impor- 
tance of this variable on ignition using both inert and oxygen- 
consuming surfaces. 

Temperature Effect--Inert Surfaces - Since it was neces- 
sary to change the surface temperature of the igniting source 
independent of operating conditions, a glow plug was used 
as the igniting hot spot. The temperature of the glow plug 
was varied by changing the glow plug current and the radia- 
tion emitted by the glow plug was taken as a measure of its 
surface temperature. 

Fig. 4 shows the effect of relative surface temperature 
(in terms of oscilloscope deflection) on the ignition tendency 
(measured by time of ignition) for toluene, iso-octane, and 
di-isobutylene. It can be seen that ignition tendency is de- 
pendent upon the surface temperature; the greater the surface 
temperature, the greater the ignition tendency. 

Temperature Effect-- Oxygen-Consuming Surfaces - In 
this series of experiments, the igniting surface used was a 
small cylindrical pellet (1/4-in. in diameter and 5/16-in. 
long) made of 10% PbO and 90% carbon. The pellet was 
suspended about 1/8 in. from the combustion chamber wall 
by a small wire. 

The temperature effect on ignition by the pellet (an 
oxygen-consuming surface) is shown in Fig. 7. As with the 
case of the hot wire, ignition tendency increases with sur- 
face temperature. Both Figs. 4 and 7 support the proposed 
ignition mechanism that surface ignition is dependent upon 
the surface temperature. 

Surface Effect - In order tg investigate the effect of sur- 
face on the ignition process, the ignition tendencies of a 
number of surfaces were compared.«The surfaces tested con- 
sisted of a selection of metallic wires and strips, porcelain 
pellets, alumina pellets, engine deposit pellets, and pellets 
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Fig. 7 — Effect of temperature on ignition by oxygen-consuming 
surfaces 
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HOT WIRE IGNITION 


DEPOSIT KGNITION 


Fig. 8 — High-speed flame photographs of ignition processes by 
hot wire and engine deposits 

made of various proportions of PbO and carbon. The experi- 
ments were carried out under the same operating conditions 
as described in Table 1, and the fuel used was toluene. 

Since it was not possible to heat these surfaces electrical- 
ly, the surface temperature was increased by advancing the 
timing of the spark discharge. This increased the duration 
of exposure of the surfaces to the hot combustion chamber 
gases. When the surface was heated up sufficiently, surface 
ignition would start. Then the spark discharge was turned 
off and self-sustaining surface ignition occurred. 

The surface temperature required to ignite a given fuel- 
air mixture at a given time was found to be dependent upon 
the type of surface; in other words, the abilities of various 
surfaces to cause ignition were not the same. The most 
pronounced difference was found between engine deposits 
and hot spot surfaces. To ignite a toluene-air mixture at 
75 deg btc, deposit pellets required an apparent surface tem- 
perature of about 3710F, while an electrically heated 
chromel wire needed only about 3100 F. It thus appears that 
surface temperature is not the sole parameter controlling 
the ignition process. 

The major difference between engine deposits and hot 
spots is that the former are combustible while the latter are 
not. Observations through the quartz window in the combus- 
tion chamber of the test engine showed that the engine de- 
posit and PbO + C pellet surfaces glowed brightly when sur- 
face ignition took place and that the pellets disappeared 
after a few minutes of engine operation. This appeared to 
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indicate that combustion of the pellets was indeed occurring. 

The proposed mechanism of ignition is consistent with 
these experimental observations. Since ignition is proposed 
to occur at some distances from a combustible or oxygen- 
consuming source of ignition, but at the surface of a non- 
combustible or non-oxygen-consuming one, the required 
surface temperature to cause ignition is expected to be 
higher for a combustible source than for a non-combustible 
one. 


Combustion Movies of Deposit Ignition and Hot Spot 


Ignition - In order to verify the deduction that the point of 
ignition is, indeed, dependent upon the amount of oxygen 
the igniting surface consumes, high-speed movies were taken 
in an operating engine of the ignition processes caused by 
inert and engine-deposit surfaces. The inert surface was a 
U-shaped chromel "A" wire mounted as a glow plug and 
heated electrically. The oxygen-consuming surface was a 
1/4 in. diameter by 5/16 in. long pellet made of engine 
deposit and was attached to the combustion chamber wall 
by a small wire. The igniting surface was mounted midway 
between the intake and exhaust valves of the L-head single- 
cylinder engine described earlier. The operating conditions 
were the same as those shown in Table 1 and the fuel was 
toluene. 

Fig. 8 shows six consecutive frames from the high-speed 
movies taken of hot wire and deposit ignition. The glowing 
U-shaped hot wire is clearly visible in the upper photographs 


and ignition of the fuel- air mixture is seen to take place in 
the frame marked X. 

The lower photographs show the burning deposit pellet 
with ignition of the gaseous mixture barely visible in the 
frame marked Y. The deposit ignition photographs are not 
as sharply defined as the hot wire ignition ones, because the 
burning engine deposit rapidly coated the quartz window with 
a thin layer of lead salts before photographs could be taken. 

As can be seen in frame X, hot wire ignition took place 
at or very close to the wire surface; however, as shown in 
frame Y, ignition occurred at a distance from the deposit 
surface--the distance in this case being about 1/16-in. 

Summarizing, the experimental results appear to support 
the proposal that both the surface temperature and the air- 
fuel ratio of the local ignition mixture are important para- 
meters affecting surface ignition. It should be pointed out, 
however, that the local air-fuel ratio is the same as the 
average mixture ratio in the combustion chamber when the 
igniting surface does not consume oxygen. This is proposed 
as the reason why fuels react differently to deposit ignition 
than to hot spot ignition. The former is caused by an oxygen- 
consuming surface while the latter is caused by an inert 
surface. 

Surface Ignition Resistance of Fuels - The proposed mech- 
anism of ignition stipulates that surface temperature and 
local mixture ratio at the time of ignition exert important 
influences on ignition by hot surfaces. If these are the pre- 
dominant influences on ignition, then a consideration of 
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temperature and mixture ratio limitations should permit the 
prediction of deposit ignition resistances of fuels. The two 
fuel properties which appear most clearly related to surface 
temperature and local mixture requirements are ignition 
temperature and rich limit of inflammability. 

Ignition temperature is the minimum temperature to 
which the mixture must be heated in order to obtain igni- 
tion. Experimentally, the ignition temperature may be de- 
termined by measuring the minimum surface temperature 
required for ignition by an inert surface: that is, a surface 
which does not enter into the ignition process chemically. 
Itis only when ignition takes place atthe surface proper that 
ignition temperature and surface temperature are equivalent. 


When a fuel-air mixture having a high ignition temper- 
ature is ignited by a hot surface, the surface temperature 
required for ignition also will be high. It follows that the 
higher the ignition temperature, the greater the ignition re- 
sistance of the fuel, all other conditions being equal. 

When the igniting surface consumes oxygen, the ignition 
mechanism predicts that the mixture at the surface is rich 
in fuel but deficient in oxygen. The minimum distance from 
the surface beyond which ignition can occur is, therefore, 
dependent upon the rich limit of inflammability. Thus, a 
fuel having a lean rich limit has high deposit ignition re- 
sistance, all other conditions being the same. 

Table 5 shows the deposit ignition resistance, the hot wire 
ignition resistance, and the rich limit intormation for the 
six fuels for which complete data are available. The deposit 
ignition resistance and the hot wire ignition resistance data 
are taken from Tables 2 and 3 respectively. The data shown 
in Table 5 are relative rankings, 1 being the fuel with the 
greatest ignition resistance and 6 the one with the least re- 
sistance. If the ignition source (a chromel wire) used in de- 
termining the hot wire ignition temperature is assumed to 
be inert, the hot spot ignition temperature is equivalent to 
the ignition temperature. Therefore, it may be assumed that 
the hot wire resistance is directly related to the ignition 
temperature. 

The information shown under the rich limit classification 
in the table is the limit in terms of the percent of stoichhio- 
metric air-fuel ratio (16). The numbers in parentheses rep- 
resent the rankings of the fuels only on the basis of the rich 
limit information (shown with 1 again representing high re- 
sistance and 6 low resistance). 

Combined consideration of the rankings shown under the 
hot wire ignition resistance and rich limit should, ideally, 
predict the ranking shown under deposit ignition resistance. 
In the actual case, however, the correlation is not always 
consistent. For instance, 2, 2 dimethylbutane has intermediate 
resistance to hot wire ignition (ranking of 4) and also an in- 
termediate rich limit ranking (4). A consideration of these 
two rankings predicts an intermediate deposit ignition resist- 
ance, rather than the high resistance it is shown to have. Of 
the remaining five fuels, toluene, benzene, and ethylene 
predictions are reasonably good, while iso-octane and es- 
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Table 5 - Relative Rankings of Fuels Based on Deposit 
Ignition Resistance, Hot Wire Ignition Resistance, and 


Rich Limit 

Relative Ranking 

Deposit Hot Wire 

Ignition Ignition Rich Limit 
Fuels Resistance Resistance % Stoich, A/F 
2,2 Dimethylbutane 3 4 28.5 (4) 
Iso-octane 2 3 27.8 (5) 
Toluene 3 il 31.0 (2) 
Benzene 4 3) 29.8 (3) 
Propane 3) 2 35.3 (1) 
Ethylene 6 6 16.4 (6) 


pecially propane predictions are poor. The reason for the 
failures is not clear. Perhaps the effects of dilution and tem- 
perature on the rich limit, not considered in the correlation, 
are responsible. 

As mentioned previously, H2O, CO2, and other inert 
gases have substantial effect on the flammability limits of 
many fuels. The effect of dilution is to narrow the flam- 
mability limits. Therefore, the rich limit of a fuel is changed 
in the presence of diluents, and dilution would be expected 
to have a substantial influence on the deposit ignition re- 
sistances of fuels. 

For most mixtures, it has been shown that there is a 
straight line relation between the limit of inflammability 
and the mixture temperature (17). The flammability limits 
widen with increasing temperature,, If this factor is taken 
into account, the ranking of the fuels shown in Table 5 may 
also change considerably. For example, propane has a very 
high ignition temperature: that is, a ranking of 2 under hot 
wire ignition resistance. Therefore, the rich limit of pro- 
pane at the ignition temperature would be expected to be 
considerably richer than tha. shown in Table 5. This would 
lower its predicted deposit ignition resistance and would 
make its ranking more consistent with the data shown in 
Table 5. 

While it is realized that both dilution and temperature 
must be considered in connection with the rich limit, un- 
fortunately, sufficient information is not available to permit 
a proper evaluation of these factors. Consequently, it is not 
possible at the present time to resolve whether the proposed 
ignition mechanism is sufficient to explain the differences 
in ignition resistances of fuels. However, as was shown, the 
mechanism canbe used toexplain some otherwise unexplain- 
able experimental facts. It is our belief that the proposed 
ignition mechanism is worthy of serious consideration, de- 
spite the lack of positive confirmation here. 

Effect of Engine Operating Conditions - A number of 
operating variables have been shown to have influence on 
deposit ignition. It is of interest to consider some of these 
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findings utilizing the proposed mechanism of ignition, both 
as a check on the validity of the mechanism and to illus- 
trate how it can be applied to actual situations. 

Compression Ratio and Inlet Air Temperature - The in- 
fluence of compression ratio and inlet air temperature on 
deposit ignition was reported by Stebar, Wiese, and 
Everett (7). It was found that increasing the compression 
ratio raised the rumble (a form of deposit ignition require- 
ment. These findings are in agreement with the proposed 
ignition mechanism. Increasing either the compression ratio 
or the inlet air temperature increases the mixture tempera- 
ture. With a high mixture temperature, the surface temper- 
ature required to heat the mixture to its ignition temperature 
is lower. Moreover, for most mixtures, the rich limit be- 
comes richer with increasing mixture temperature. There 
fore, the proposed mechanism predicts that ignition will take 
place closer to the igniting surface and thus will occur more 
readily. Both the temperature and mixture ratio parameters 
predict the effect of compression ratio and inlet air tempera- 
ture shown experimentally. 


Air-Fuel Ratio - The effects of air-fuel ratio reported in 
the literature are mot consistent. Stebar, Wiese, and 
Everett (7) found that the deposit ignition tendency is the 
greatest near maximum power mixture. Results of Melby, 
Diggs, and Sturgis (18), however, showed deposit ignition 
tendency increased with lean mixtures. 

The proposed mechanism predicts that as the overall mix- 
ture becomes leaner, the rich limit will be reached closer 
to the igniting surface. As a result, the ignition tendency 
increases with lean mixtures. 

However, there is another factor which should be con- 
sidered--dilution by nitrogen. As the proportion of air in- 
creases when the mixture becomes leaner, the ratio of 
nitrogen to fuel increases. Investigations by Coward and 
Jones (17) showed that the rich limit becomes leaner as the 
percentage of inert diluent in the mixture increases, The 
net effect of excess nitrogen in the mixture is to reduce the 
deposit ignition tendency. 

Summarizing, the proposed ignition mechanism predicts 
that increasing the air-fuel ratio increases the ignition tend- 
ency until the dilution effect of nitrogen becomes predominant. 

Inlet Air Humidity - The effect of humidity was also in- 
vestigated by Stebar,’ Wiese, and Everett (7). Their finding 
reveals that deposit ignition tendency decreases with in- 
creasing humidity. This finding is in agreement with the 
proposed mechanism, since water has a pronounced effect 
on the rich limit (17). The rich limit becomes leaner in the 
presence of water vapor. As discussed earlier, this would 
reduce the ignition tendency. There is also the effect of re- 
duced mixture temperature with high humidity. Both of 
these effects help to suppress the ignition tendency with in- 
creasing humidity. 

Engine Speed - The investigation by Stebar, Wiese, and 
Everett (7) also showed increasing deposit ignition tendency 
with increasing engine speed. From the standpoint of the 
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proposed ignition mechanism, this is to be expected. In- 
creasing engine speed would increase combustion chamber 
wall temperatures, which in turn increase the tendency 
toward surface ignition. 

Also, as discussed earlier, the region adjacent to the de- 


‘ posit surface is deficient in oxygen. This prevents ignition 


from occurring at the surface proper, The generally higher 
level of turbulence at higher speeds would ease this situation 
by bringing fresh mixture to the deposit surface and thereby 
increasing the ignition tendency. 

Again, both the mixture ratio and surface temperature 
concepts of the proposed mechanism predict the results found 
experimentally. 


Concluding Remarks 


A mechanism for surface ignition has been proposed. It 
stipulates that if surface ignition is to occur, the fuel-air 
mixture must be heated above its ignition temperature and 
at the same time its composition must be within the limits 
of inflammability. 

The proposed mechanism is consistent with most experi- 
mental data available. This mechanism provides an explan- 
ation for the difference in surface temperature requirements 
to cause ignition for different surfaces, the difference in de- 
posit and hot spot ignition resistances of fuels, and the fact 
that ignition sometimes occurs at a distance from the surface 
causing ignition. 

The proposed mechanism is not complete. Consideration 
of the joint effects of temperature on rich limits, and of rich 
limits on ignition temperature have not been elucidated, nor 
are the total effects of dilution known. All of these factors 
need to be incorporated into the proposed mechanism in 
order to fully evaluate it. However, it does offer a reason- 
able basis for prognostication and does suggest new areas of 
research. 
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Discussion 


Effect of Time on 


Ignition Reaction A. J. Pahnke 


E. |. du Pont de 

Nemours & Co. 

BOWDITCH AND YU have shown that ignition of hydrocarbons 
by deposits differs from ignition by metallic hot spots and 
have proposed that oxygen depletion in the gaseous layer 
adjacent to the surface of the deposits accounts for the dif- 
ferences between the relative ignition resistances of hydro- 
carbons in aspirated deposit and hot spot tests. Oxygen de- 
pletion and the effect of the rich limit of inflammability 
appear to be a reasonable explanation; however, these dif- 
ferences also may be ascribed to the amount of time avail- 
able forignition reactions. With aspirated deposits, this time 
is very short; with hot spots, this time may be long and the 
course of the ignition process can be considerably different. 
Considering first the aspirated deposit case, the deposit 
particles move through the fuel-air charge, continually con- 
tacting new volumes of the fuel-air mixture. This move- 
ment, coupled with a probable twisting motion, reduces the 
thickness of the boundary layer and eliminates any quiescent 
regions near the particle. As a result, the time available for 
chemical reactions to take place prior to ignition is very 


* Numbers in parentheses designate Reference at end of 


paper. 


short and the ignition process approaches that of spark igni- 
tion. In agreement with this hypothesis, aspirated deposit 
ignition resistances of hydrocarbons obtained by Bowditch 
and Yu(1)* generally correlate with minimum spark ignition 


Table A - Aspirated Deposit Ignition Resistance 


Minimum Spark 
Ignition Energy, 


LIB Number Millijoules 

Bowditch Calcote, 

and Yu(1) et al(2) 
2, 2-Dimethylbutane 120 1.64 
Iso- octane 100 1.35 
Di-isobutylene 57 0.56 
Cyclohexane + 3 ml tel/gal 51 1.38* 
Toluene 42 iby, & 
Furan 30 0.23 
Benzene 0 0,55 
Propane -12 0.31 
Methanol -110 OF 22 
Ethylene 219 0.10 


* Unleaded value. 
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Table B - Hot Spot Ignition Resistance 
Critical 
Compression 
Time of Ratio 
Ignition, Spontaneous 600 rpm, 
Deg btc Ignition 300 F 
Bowditch Temperature, F AU 
and Yu(1) Jackson (3) RP-45(5) 
Methane None - 13.0 
Toluene 82.0 1094 11.4 
Propane 84.0 940 8.8 
Iso-octane 96.0 837 6.6 
2,2-Dimethylbutane 102.0 824 5.1 
Di-isobutylene 103.7 788, 587 7.3 
2,3-Dimethylbutane 112.3 790 1.4 
Benzene 114.0 1097 = 
Ethylene 150 - 5.6 


Table C - Effect of tel on the Surface Ignition Resistance 
of Iso- octane 


Average Number 


of Ignitions 


Iso- octane 37 
Iso-octane + 1.5 ml tel/gal 38 
Iso-octane # 3 ml tel/gal 39 


energy values determined by Calcote, et al(2), as shown in 
Table A. Considering that the minimum ignition energy 
data were obtained at atmospheric pressure, the agreeinent 
is surprisingly good. 

In the case of hot spot ignition, the igniting source is 
stationary and conceivably has a thick boundary layer asso- 
ciated with it. In addition, located near most hot spot igni- 
tion sources is a quiescent zone of tuel-air mixture where 
precombustion reactions can occur and contribute to the 
overall ignition process. The time available for these oxi- 
dation reactions can be relatively long, and the overall 
ignition process approaches that of knock. 

In support of this concept is the general agreement be- 
tween hot spot ignition data obtained by Bowditch and Yu 
and spontaneous ignition temperatures obtained by Jackson(3), 
who used a technique which involved dropping a few drops 
of hydrocarbon into a heated vessel and observing the occur- 
rence of ignition. This comparison is shown in Table B. 

Benzene stands out as a notable exception. A comparison 
of the Bowditch and Yu hot spot data with critical compres- 
sion ratio data (5), presented in the table, also shows a good 
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order of agreement. A further consideration of critical com- 
pression ratios obtained at other speeds and temperature 
suggests that critical compression ratios obtained at a lower 
speed and a higher temperature would correlate even better. 
In general, the hot spot data appear to correlate with data 


. from other processes which involve gas phase autoignition. 


The effect of tetraethyl lead further suggests that the dif- 
ference between aspirated deposit and hot spot results may 
involve ignition delay as an important factor. A series of 
experiments in our laboratory showed that tetraethyl lead 
did not change the ignition resistance of iso- octane to float- 
ing deposits. An engine was operated unde part-throttle 
conditions to accumulate deposits. Each hour, a test fuel 
was introduced into the engine and a switch was made to 
high-load conditions for 30 sec. On the basis of a large 
number of tests with clear and loaded iso-octane, tetraethyl 
lead did not exhibit any effect on preignition, as reported 
in Table C. 

On the other hand, tetraethyl lead markedly increases 
the hot spot surface ignition resistance of iso-octane. Downs 
and Pigneguy(6), using a metallic hot spot as an ignition 
source, found that 4 ml of tetraethyl lead increased the pre- 
ignition-limited performance of iso-octane by 0.75 compres: 
sion ratio units. Morris(7), using a spark plug as an ignition 
source, found that 3 ml increased the preignition- limited 
manifold air pressure by 12%; 6 mlraised it23%. Wimmer (4), 
using an isolated graphite pellet as a hot spot, found that 
3 m1 of tetraethyl lead increased the surface ignition- limited 
compression ratio by 1.3 units. 

The increased surface ignition resistance obtained with 
tetraethyl lead in hot spot tests indicates that reactions simi- 
lar to those leading to knock probably are an important phase 
of the hot spot ignition process. This is not the case for igni- 
tion by floating deposits, as evidenced by the lack of any 
effect with tetraethyl lead. In summary, it appears that ig- 
nition delay time may be another factor accounting for the 
difference between hot spot and aspirated deposit results. 
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Authors’ Closure to Discussion 


THE TIME hypothesis advanced by Mr. Pahnke warrants seri- 
ous consideration. While it would be expected that a de- 
posit particle would move about in the combustion chamber 
of an engine, it would appear to us more likely that the par- 
ticle would move with the gaseous mixture so that the re- 
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lative movement would be less between deposit and mix- 
ture than between a stationary ignitor and the mixture, This 
would argue that more time for precombustion reactions 
would be available in the case of the moving deposits than 
for the case of the stationary ignitor. 

In the experiments reported in our paper where a hot wire 
and deposit pellets were used alternately in the same loca- 
tion in the engine as ignitors, it was found that under sim- 
ilar engine operating conditions the hot wire ignited mix- 
tures more readily than did the stationary depositpellets, As 
reported in the paper, deposit pellets had to be approximate- 
ly 600 F hotter than a hot wire in the same location in order 
to be equally effective in igniting fuel-air mixtures. This 
does not appear to be consistent with Mr. Pahnke's hypothe- 
sis, 


Concurrent Pyrolytic and Oxidative Reaction 
Mechanisms in Precombustion of Hydrocarbons 


IT IS GENERALLY postulated that the first step in the oxida - 
tion of an alkane consists in the abstraction of a hydrogen 
atom probably by an oxygen molecule, with formation of 
an alkyl free radical. The further reaction of the alkyl free 
radical through peroxide formation and various peroxide de- 
composition mechanisms has been studied in both gaseous 
and liquid systems by a relatively large number of investi- 
gators. In gas phase oxidations near atmospheric pressure, 
however, the production of lower olefins has been observed 
with propane (1)", n-butane (2), isooctane (3), and neohex- 
ane (3) and explained by assuming a decomposition of some 
fraction of the original free radicals derived from the fuel. 
Production ot lower olefins from 0-hexane cool flames has 
been reported (4) and their origin ascribed (5) to degradation 
of free radical hydroperoxides. to the dismutation of higher 
free radicals, and to stripping of a hydrogen from an ethyl 
free radical. 

In a few cases the production of olefins with the same 
number of carbon atoms as the original fuel has been ob- 
served. Generally, these results come from work with rich 
mixtures near atmospheric pressure and the production of 
olefin passed through a maximum with increasing tempera - 
ture. Observations have been reported on ethane(®), pro- 
pane (7,8), and n-butane (2), and the respective investiga - 
tors have suggested stripping of a hydrogen from the original 
free radical by oxygen or by a reactive species such as HOo. 
In a recent review (9) the following three possibilities for 
elementary reactions to produce such olefins are enumerated. 
(R- = original free radical derived from the fuel; ROp* = ex- 
cited peroxy radical): 

1. RO>* ——em Olefin + HO? 

2, ROo* + X =m olefin + HOo + X 

3, R: + O> —__- Olefin + HO» 

It is pointed out that deactivation of RO9g* and rearrange - 
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ment may occur instead of decomposition, giving rise to 
various oxygenated species. In addition, the deactivated 
alkyl peroxy radical, ROO- may through hydrogen abstrac- 
tion be stabilized as an alkyl hydroperoxide, ROOH. 

The reaction possibilities pointed out above for produc- 
tion of synthetic hydrocarbons during oxidative attack on fuel 
appear to have received little attention in engine studies. 
Appreciable quantities of ethylene and propylene in a ratio 
of roughly 10/1 have been reported in motored engine work 
with n-pentane (10), These olefins were believed to have 
resulted from the breakdown of larger alkyl radicals. In an- 
other study(11), the production from n-heptane of large a- 
mounts of unsaturates together with oxygenates and hydrogen 
peroxide was observed in motored engine exhaust under con- 
ditions milder than the autoignition limit. The splitting of 
an alkylperoxy radical to give an unsaturate and a HOp rad- 
ical was suggested as a source of a part of the hydrogen per- 
oxide found. 

In the course of a study of preflame reactions of single 
pure hydrocarbons in a motored single-cylinder (CFR) engine, 
observations of reaction product composition have been made 
with particular attention to the synthetic hydrocarbons found 
present in some abundance. The work involved partition 
chromatography analysis of samples, withdrawn from the en- 
gine combustion chamber through a fast acting magnetic 
valve, to determine stable reaction products. The observed 
conversion of a part of the reacted fuel into synthetic hydro- 
carbons is of interest as it reflects relative reaction rates. It 
is also an aid in understanding the evident alterations in fuel 
that occur in passage through a fired engine during periods 
of incomplete combustion such as an automotive decleration. 


“Numbers in parentheses designate References at end 
of paper. 
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Fig. 1 — Engine performance observed with non-reacting mixtures 
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Objectives 


The first purpose of this paper is to relate synthetic hy- 
drocarbon products from a motored engine with the follow- 
ing types of precombustion reactions: 

1. Cracking - Thermally induced decomposition may 
follow formation of alkyl free radicals produced by abstrac - 
tion of a hydrogen atom from a fuel molecule. 

2. Hydrogen Stripping - In the presence of oxygen, the 
original free radical from the fuel molecule may have a sec- 
ond hydrogen stripped off to yield a stable olefin containing 
the same number of carbon atoms as the parent molecule. 

3. Peroxide Formation and Decomposition - The com- 
plex mechanisms involved yield oxygenated compounds, and 
to some extent small hydrocarbon molecules, These mech- 
anisms have been rather definitively studied for several hy- 
drocarbon fuels both in motored and fired engine operation 
with respect to the oxygenated products(14), 

A second objective is to show that all of the above reac- 
tion paths appear to run concurrently and to originate from 
a common reactant--the original free radical produced by 
abstraction of a hydrogen atom from a fuel molecule. Fur- 
thermore, each reaction path may be a chain mechanism 
that serves to maintain the concentration of the original 
common free radical reactant. 

Lastly, some implications of the above view of the pre- 
combustion reactions will be discussed. 


Apparatus and Procedures 


Engine - An ASTM Motor Method engine received the 
following modifications: 

1. The ice tower was disconnected and room air was 
drawn directly into the intake surge tank. In experiments 
with controlled oxygen, metered nitrogen and oxygen 
streams were fed from cylinders into the inlet surge tank with 
the air entry blocked. 

2. A gate valve placed in the carburetor inlet pipe, 5- 
1/2 in. below the intake surge tank, permitted control of 
intake manifold pressure. This pressure was monitored with 
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a damped mercury manometer connected to a flush tap in 
the manifold close to the manifold thermometer entry. 

3. 
spring-loaded check valve was placed in the new fuel line 
as close as possible to the carburetor jet and volume from 
check valve to jet was minimized by packing with small 
pieces of drill rod. The C5 fuels were delivered at around 
10 psig with a metering pump running at 100 pulses/min, 
that drew fuel from a calibrated liquid burette. Fuel flow 
was smoothed with a small buffer volume, partially gas fill- 
ed, between pump and check valve. Cycle-to-cycle fuel 
flow, as judged by pressure traces and random autoignitions, 
was as good and long period fuel rate constancy was better, 
than that achieved with needle valve metering. N-butane, 
however, was metered with a needle valve and liquid flow 
meter from a tank placed on scales sensitive to 0.1 g. 

4. Micrometer mounting was modified to permit high 
compression ratios. 

5. A pressure pickup (Li or Kistler types) replaced the 
spark plug and a Cox sampling valve was placed in the de- 
tonation meter opening. 


Fuel bowls and related equipment were removed. A 


6. For nitrogen-fuel runs, atmospheric oxygen was ex- 
cluded by sealing the induction system, maintaining a pos- 
itive nitrogen pressure of 2 or 3 in. water in the crankcase, 
and maintaining a positive nitrogen pressure within a mylar 
film bag that enclosed the rocker arm assembly and was 
sealed to the cylinder head. (With operation at 1/2 atmos- 
phere manifold pressure, it was found that gas leakage down 
the valve guides with normal tolerances contributed 3/4 of 
a per cent or more to total discharge at the exhaust. 

Airflow through the engine, to establish air/fuel ratio, 
was measured by taking the flow from the exhaust surge tank 
through a dry test meter. Cylinder pressure versus crank an- 
gle timing and sampling valve position versus timing were 
displayed on the oscilloscopes. The time base, developed 


in this laboratory, depended upon the use of a knife-edged 
magnetic pickup to sense passage of degree marks on the 
flywheel periphery. The train of marker pulses so generated 
was faithful to the flywheel graduations. An electrometer 
preamp(24) designed by Rosen of this laboratory was em- 
ployed with Kistler pressure pickups. 

Fuels - Phillips "pure grade" n-butane and n-pentane 
were used. The 1-pentene used was Phillips "technical 
grade," and cyclopentane was obtained from Brothers Chem - 
ical Co. Chromatographic inspection of the fuels provided 
against possible identification of an impurity as a reaction 
product. 

Operation - Typically, the engine was motored on air 
alone until operating temperatures stabilized. Compression 
ratio and manifold pressure were then adjusted. A measure- 
ment of net airflow was then made and the fuel rate chosen 
for the desired air/fuel ratio. Fuel was then started and its 
rate adjusted. With operation stabilized, sample withdrawal 
through the sampling valve could begin. The sample stream 
was split, a minor portion being taken through a short con- 
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nection into the sample collection system. Sampling periods 
were usually 5-10 min long and permitted monitoring fuel 
flow and the pressure trace. The values generally used for 
the basic engine variables are shown in the heading of 
Table 4. 

The behavior of the engine as a gas compressor is shown 
in Fig. 1. The peak cycle pressures on the curve were ob- 
tained with air (or nitrogen)/single hydrocarbon mixtures at 
compression ratios such that little, if any, reaction occurred. 
The points were obtained over a space of some 15 months 
that embraces all of the work reported. The standard intake 
manifold pressure of 1/2 atmosphere (measured with a damp- 
ed manometer) that prevailed for these tests resulted in a 
cylinder pressure of 6.6 + 0.3 psia at the time the intake 
valve closed, as measured at compression ratios of 12. 5/1 
and 17/1 with a balanced diaphragm pressure indicator. 

Deviations from the relation shown in Fig. 1 occurred 
when n-pentane/air and 1-pentene/air mixtures were sub- 
jected to increasing compression ratios approaching autoig - 
nition. The difference between observed peak cycle pres- 
sure at stated compression ratio and peak cycle pressure for 
a non-reacting mixture at the same compression ratio (taken 
from Fig. 1) is plotted in Fig. 2. Net heat releases as the 
autoingntion limit is approached are indicated for n-pentane 
and 1-pentene. The precombustion reactions of n-butane 
as autoignition is approached are appreciable from the stand- 
point of fuel destruction as shown by analysis but give no ob- 
servable heat release before expansion. (At a compression 
ratio of 21.75, definite autoignition in the engine did not 
occur, but inaudible presstire rises at around 60 deg atc were 
noted and severe ignitions occurred in the exhaust surge tank. 
Consistent autoignition occurred at a compression ratio of 
221%) 

Analysis for Precombustion Products - A typical precom- 
bustion sample gas consisted of a mixture of gases and va- 
pors of which all but Hy, No, Oo, CO, and CHy4 could be 
recovered for analysis in a liquid nitrogen-cooled trap. The 
condensate could then be analyzed for Cg to Cs hydrocar- 
bons and CO2 and on occasion for oxygenated compounds. 
The noncondensable gases were nonroutinely determined in 
effluent from the condensate trap or on whole sample gas 
by gas chromatography, orsat, and mass spectroscopic anal- 
ysis. Hydrocarbons above methane and carbon dioxide were 
determined by two-stage series gas chromatography using 
both partition and adsorption columns. 

At gas flow rates of approximately 100 cc/min through 
the liquid nitrogen-cooled trap it was possible to take one 
liter volumes of synthetic samples containing 200 ppm of 
ethane or ethylene and to recover and determine the Co hy- 
drocarbon to within +5%. Since ethylene concentrations in 
engine samples were generally above 200 ppm it is believed 
that ethylene recovery was quite complete. Since ethane 
concentrations found in the engine sample gas were in the 
range 0-200 ppm, trapping may not have been complete at 
the low end of the concentration range. 
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Fig. 2— Pressure deviations from the curve of Fig. 1 as auto- 
ignition was approached 


Blank tests were made, motoring the engine without fuel, 
that established the lubricating oil did not contribute detect- 
able quantities of light hydrocarbons of interest nor carbonyl 
compounds detectable with 2, 4-dinitrophenylhydrazine( eee 

Oxygenates including individual carbonyl compounds were 
detected and identified qualitatively by gas chromatography 
using tricresylphosphate and polyglycol columns at 230 F, 
The list of oxygenates positively identified include formal- 
dehyde, acetaldehyde, propionaldehyde, acrolein, acetone, 
methanol, ethanol, propanol, and tetrahydro-2-methylfuran. 
Many of the original identifications required collecting ma- 
terial under a chromatographic peak as it was eluted and 
making use of IR or MS inspection. We are particularly in- 
debted to James Neerman of this laboratory for the mass 
spectroscopic work leading through recognition of mass and 
structure to the identification of tetrahydro-2-methylfuran. 
This compound presumably is formed by 6 stripping in an 
intramolecular oxidation of a pentyl peroxy radical as sug- 
gested by Boord(®), 


Experimental Results and Discussion 


Evaluation of Cracking Reactions - The cracking of n- 


pentane and n-butane via the thermal decomposition of pen- 
tyl and butyl radicals, respectively, is well described by 
free radical reaction mechanisms(17), and various experi- 
mental studies(13, 14, 15, 16) with n-pentane are in general 
agreement. Simpler hydrocarbons and (in some cases) hy- 
drogen are the expected primary products. 

In considering precombustion reaction products from the 
engine it appeared that the same pattern of synthetic hydro- 
carbons was present (together with other materials) that 
would result from considerable cracking of free radicals de- 
rived from the fuel. It seemed desirable then to establish 
with certainty that the pattern of products from thermal de- 
composition in the engine was the same as that known to oc- 
cur in pyrolyses of the same pure hydrocarbon under condi- 
tions quite different from those prevailing in the engine. 

In the case of n-pentane, for instance, it was also Partic - 
ularly desired to establish that only small relative amounts 
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Table 1 - Hydrocarbon Product Ratios from Engine Decomposition and from Low-Pressure Pyrolysis of n-Pentane 


Reference This Work (13) (15) (14) (16) (2) 
System Engine Flow Flow Static Static Theoret. 
Test Designation 6A 6B 2 3 -- (a) (b) (b) a =5 
Temperature, F 1047(¢) _1053(¢) 1040 1040 1200 1020 1020 1040 570 1830 

-1380 
N-pentane destruction, % 1. 0(d) 1. 4(d) tas 4.9 o(e) =a(1) 5 caatt) - -(f) (g) (g) 
Product mole ratios: 
Propylene/Ethylene OZ 0.73 1.16 1.0 (1. 4) iL caley Sail) -- LO es 0R 35 
Propylene/1 -Butene 2.8 2a 1.9 1.8 1.9 -- -- 5.0 DA ome 0) 
Ethane/Ethylene Oy, 0.13 0.76 0.79 (1. 2) ih, al iG == Oe 
Propane/ Propylene 0.0 0.0 0.05 0.04 0.0 0 08. 40.11 0 0 0 
1-Butene/2-Pentenes 3 4 4,860) 5, 3(h) -- -- -- ~25 Olvnget 


(a) Uninhibited pyrolysis. 


(b) Nitric oxide present to inhibit free radical reactions.  (f) 


(c) Estimated as indicated above. 
(d) n-Pentane equivalent of recovered synthetic 
hydrocarbons x 100/recovered n-pentane. 


(e) Extrapolated back to zero destruction. 
Destruction not explicitly stated. 

(g) Secondary reactions not considered. 
(h) Ratio involves total pentenes. 


of pentenes were produced from decomposition of pentyl rad- 
icals, since it is the production of pentenes that distinguish - 
es the second mechanism postulated above. 

Accordingly, decomposition of n-pentane was observed 
in a motored CFR engine test at a high compression ratio 
(25/1) to attain suitable reaction temperature and 1/2 at- 
mosphere intake manifold pressure. For this test the engine 
was supplied a 15/1 (wt) mixture of prepurified nitrogen-n- 
pentane and air was excluded as completely as possible. 
Some leakage of oxygen into the engine occurred, but its 
concentration in the engine exhaust did not exceed 0.2 vol% 
either during preliminary operation when no n-pentane was 
being charged or during the test period. Samples were taken 
through the magnetic valve at 15 deg after top center (atc). 
On the basis of estimated peak temperature* of about 1050 
F, and available reaction time*™ of about 2 millisec, it is 
concluded that the rate of n-pentane decomposition much 
exceeded normal pyrolysis and may be termed oxygen-sen- 
sitized. Typical oxidation reactions appeared to have been 
insignificant; a qualitative test for carbonyls with 2, 4-di- 


nitrophenylhydrazine was negative and the ratio (moles C- 
atoms in synthetic hydrocarbons)/(moles C-atoms in COQ) 
was about 35/1. 

Table 1 summarizes the distribution of synthetic hydro- 
carbon products from the engine test and contains, for com- 
parison, results obtained by others on the pyrolysis of n-pen- 
tane in low-pressure static and flow systems. The theoretical 
predictions of Rice, obtained by application of a free radical 
mechanism to n-pentane cracking are included. For con- 
venience, all results are shown in terms of mole ratios; 
where necessary, literature data were recast into these ra- 


* Estimated from peak pressure observation, combustion - 
chamber volume, moles of charge per cycle (corrected for 
clearance volume) and assumption of PV = nRT. 


** The reaction time is arbitrarily taken as that interval 
around top dead center piston movement in which gas tem- 
perature would be within 90 F of the peak temperature as 
determined from the pressure trace. 
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Table 2 - Hydrogen Product Ratios from Engine Decomposition and from Low-Pressure Pyrolysis of n-Butane 


Reference This Work “(= 
System Engine Static 
Test Designation BIA 175 S 
Temperature, F Las 932 
n-Butane Destruction, % ~0,2 Dy, DD 
Product Mole Ratios: 

Propylene/Ethylene 2.2 Zea 
Propane/Propylene 0(b) 0.05 
Ethane/Ethylene o(b) Ts1 
Propylene/Butenes No oT 
butenes 
Propylene/2-Butenes found <== 


(13) (18) 
Flow (a) 
1067 
Liles 10.5 
iis) 1g 1h 353} 
0.05 0.07 0 
One 0.81 1 
9. 0 ---- 3.4 
12 See = 


(a) Product ratios are calculated from the author's summary of literature data; the temperature range is restricted to 


that permitting isolation of initial products. 


(b) No propane or ethane was found. 


tios from the original product analyses. 

The following conclusions may be drawn from Table 1. 

1. Thermal decomposition of pentyl radicals in the en- 
gine tests with short reaction times and high nitrogen 
pressure gives essentially the same products and product 
distribution as obtained in low pressure pyrolyses of pure 
n-pentane. 

2. Production of pentenes is not predicted by the sim- 
plest free radical mechanism for pyrolysis. Experimentally, 
Frey and Hepp and Jach and Hinshelwood observed yields of 
one molecule of (total) pentenes for 5 and 25 molecules, 
respectively, of 1-butene, the latter being an expected py- 
rolysis product. In the engine tests one molecule of 2-pen- 
tene was produced for 3 to 4 molecules of 1-butene. When 
corrected for probable production of 1-pentene (which was 
not resolved in these particular chromatographic analyses) 
to permit comparison with the literature values for total pen- 
tenes, the engine product ratio becomes one molecule(total) 
pentene to 2 to 3 molecules 1-butene. This ratio sets the 
upper limit for pentene production through thermal decompo- 


sition of pentyl radicals. 

3. 1-butene is a major product of pentyl radial de- 
composition and is considered the best available quantita - 
tive indicator of the cracking reaction because of a low 
probability of its formation by other mechanisms and for 
practical reasons related to sampling and analysis. 

A study was also made of n-butane. It was chosen be- 
cause the literature affords a reasonably clear picture of its 
pyrolysis products and because it has greater resistance to 
precombustion attack, as witnessed by its higher octane 
number compared to n-pentane. In Table 2 a comparison 
is made of product distribution from engine testB1A at com- 
pression ratio 25/1 on nitrogen/n-butane mixture and results 
from the literature(2, 13, 18) on pyrolysis of n-butane at low 
pressures. 

In test BLA oxygen content of the exhaust stream was 0.1 
- 0.2%, as indicated by the Beckman magnetic oxygen an- 
alyzer. Qualitative tests of the engine sample gas for car- 
bon dioxide and for carbonyl compounds were negative. A- 
bout 0. 2% destruction of n-butane was observed. 
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Table 3 - Relative Rates of Pentyl Radical Decomposition 


Mixture Compression 1-Butene/ 
mest (15/1) Ratio MAP 2-Pentene 
6A _— Nitrogen/ 25/1 i/2 ate So 
n-pentane 
6B Nitrogen/ 25/1 do. 4 
N-pentane 
4A Air/ 8/1 do. 0.12 
n-pentane 
4C  Air/ 8/1 do. O.an 
n-pentane 


It will be seen from Table 2 that the engine test gave a 
propylene/ethylene ratio typical of butyl radical decompo- 
sition by free radical mechanisms. No butenes were found 
although the literature on low-pressure pyrolysis of n-butane 
reports minor amounts of butenes. It appears proper to use 
propylene production as an indicator of the cracking reac- 
tion with n-butane. 

With the above background and choice of 1-butene and 
propylene as indices for the thermal decomposition of pen- 
tyl and butyl radicals, respectively, it is possible to con- 
sider normal precombustion. 

Cracking and Hydrogen Stripping in Precombustion of n- 
Pentane - Anaylsis of sample gas taken at 15 deg atc of the 
compression-expansion cycle of the motored CFR engine op- 
erated with a 15/1 air/n-pentane mixture and at conditions 
a bit below the autoignition threshold, reveals the presence 
of the same synthetic hydrocarbons (1-butene, propylene, 


Cg) reported above as products of carbon-carbon bond break- 
ing in pentyl radicals. There is also, however, an order of 
magnitude increase in relative production of pentenes that 
indicates more or less equal consumption of pentyl rad- 
icals by cracking and by the hydrogen stripping to pro- 
duce pentenes. 

A comparison of relative rates of pentyl radical decom- 
position versus conversion to pentene in 15/1 nitrogen/fuel 
and air/fuel mixtures in respective engine tests is shown in 
Table 3. The relative rates of the 2 reactions in each test 
are expressed as the mole ratio of a product of decomposi- 
tion (1-butene) to a product of the pentenes forming reac- 
tion (2-pentene, cis- and trans-isomers summed) contained 
in a gas sample taken from the cylinder during the test. 

A complete tabulation of engine conditions and sample 
analysis for the tests above and all other engine tests will be 
found in Table 4. In connection with our choice of samp- 
ling time at 10-15 deg atc it is to be noted that the same 
ratios of synthetic hydrocarbons were found in a few samples 
taken at tc as in 15 deg atc samples. Excluding cases in 
which, at near autoignition conditions, there was evidence 
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for delayed reactions, no change in synthetic hydrocarbon 
ratios was noted between 15 deg atc samples and occasional 
exhaust samples. 

While the elementary reactions involved in hydrogen 
stripping are still in doubt, a reaction sequence may be sug- 
gested similar to that outlined by Satterfield and Reid(7) to 
describe the observed production of propylene and hydrogen 
perioxide in the slow oxidation of propane. The sequence 
for n-pentane would be as follows: 


1. CsHy9 + [x] 
Oe C5Hy41 oo+ O95 
3. C5H12 + HO9: 


oe C5Hy41 + + HX 
—> C5Hjo (a pentene) + HO9- 
— > CoHji1° + H209 


Step 1 shows initiation of reaction through the production 
of a pentyl free radical, The reaction is carried on as a 
chain mechanism by steps 2 and 3. It should be noted that 
the pentyl free radical has a certain independent probability 
of cracking before step 2 is complete. Another independent 
probability exists for formation ofa relatively stable peroxy 
radical ROO - that would lead to a peroxide. 

Influence of Temperature: Tests made at the same yal- 
ues of intake manifold pressure, mixture composition (15/1 
air/fuel ratio), and so forth, but raising compression ratio 
from near the minimum that would yield detectable quan- 
tities of products to the autoignition threshold increased the 
attack on the n-pentane. At the autoignition threshold the 
production of 2-pentenes was about 7 mole %, based on n- 
pentane fuel, 1-pentene amounted to 2-3 mole % on the 
fuel. At the same time a change in the relative rates of 
the concurrent reaction mechanisms occurred. This can be 
seen from Table 5. 

Relative rate of decomposition of pentyl radicals is seen 
to be increased by about a factor Of 3 over the available 
compression range. This indicates that a higher activation 
energy is involved in the decomposition reaction than in in- 
teraction of oxygen to produce pentenes. 

A similar trend was found in working with very lean mix- 
tures (air/n-pentane = 77-78) which at the same intake mani- 
fold pressure and other conditions as above permitted a high- 
er compression range. Results are shown in Table 5. 

Some further tests were made in which a nitrogen- oxygen 
blend was substituted for air and a mixture fed the engine 
with blend/n-pentane at the nominal ratio of 15/1(Table 5). 

Again the overall effect of increasing severity of condi- 


tions is a 5-fold increase in relative rate of fragmentation 
of the fuel. 

Oxygen Concentration: Two tests were made in which 
the mole ratio, oxygen/n-pentane, in the mixture had the 
extreme respective values 1,3 and 42. The first ratio was 
arrived at by using a nitrogen - 3. 5% oxygen blend in place 
of air; the latter with a 78 A/F mixture. Both runs were at 
the same intake manifold pressure and with compression ra- 
tios adjusted to give the same peak pressure (+ 2-3 psi). Re- 
sults are shown in Table 6, 

Since oxygen is postulated as a reactant in the mechan- 
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Table 4 - Engine Test Conditions and Sample Gas Composition 
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Intake manifold pressure - 380 mm Hg Abs (a) 
Sampling time - 15 deg atc, except as noted 
Peak 
Airflow Press 
Test C.R A/F g/min psia 
Air/n-Pentane Mixture 
1A 12.5 15 8322 --- 
1.5A 1 14.9 82.9 137 
3A* 10.0 15.0 83. 6 109 
3.5A 5 0 14.5 80.2 --- 
3. 5B oa0) Th} a 81.8 88 
4A* 8.0 14.6 80.6 i 
4C 8.0 14.4 78.6 79 
oA Ie 78.0 86.6 143 
7A 7s @ TE 87.5 209 
Nitrogen + Oxygen/n-Pentane Mixture 
Oxygen 
Content (Vol %) 
UO RSA el os fo 14.8 Oo SZ 146 
11B 14.25 14.5 3.6 81.6 146 
12A* Re, 8 ilsyy a 10 84.8 292 
Nitrogen/n-Pentane Mixture 
6A 25. 0 14.8 Deal 85. 0 304 
6B 25. 0 IL@\5 7 On 85. 0 304 
Air/n-Butane Mixture 
B2A Dill, PAS) 15 89.0 --- 
B3A AAS) 15.6 84.8 133 
B4A 0) 15.1 85.2 193 
BSA Pal 5) 15.9 85.6 253 
Nitrogen/n-Butane Mixture 
Oxygen 
Content (Vol %) 
BIA 25.0 15.2 Ona 82.9 315 


Coolant - 212 F Oil - 185 + 15F 


Rpm - 900 Mixture - 250 F 
Calc 

Condensate Sample Composition  Carbonyls Peak 
____as Component Ratios sss mg/1_—s Temp, F 
A Ba Pere E 
0.39 3.4 59 5.3 0.041 65 Sat 
0.88 3.2 24 4.0 0.036 = 963 
0.27 450 49 327  O70Z2 J 849 
0.24 4.0 67 4.1 0.0095 sc 715 
0.20. 3.8... 47, .4.3,..0.011 41 700 
O12) o2i3 soni t Sotl 0.0026 ar 597 
Ota ond 43 5.2 0.0012 14 654 
0.24 2.3 240 2.6 0.017 43 924 
0.60, udath, oun Lie 1S. 99.0056 13 1061 
0.25 3.3 48 2.9 0.014 34 914 
0.08 3.8 (b) (b) 0.00016 0 832 
1299 3, 25b Gi Ca5a) OF10 27 1129 
3 2.8 6 4.5 0.0019 0 1047 
4 2.7 8 4.2 0.0026 0 1053 

E G H 

Oe TM dhs 0.016 se --- 
Oe) a LG 0. 0052 mS 830 
Ouesar 116 0. 0066 == 943 
ag ) 1110 
(c) 0.46 0.0017 0 1132 


(a) This value measured with a damped manometer and used for control; it gave 6.6 + 0.3 psia pressure in cylinder 
measured with a balanced pressure diaphragm at the time the intake valve closed. 


(b) No ethane or ethylene. 
(c) No 2-Butene. 
* Sampled at 10 deg atc. 


D= Ethane + Ethylene 


E= 1-Butene 
1-Butene 


Unreacted n-Pentane 


1-Buten P 1 
= utene Mek ropylene che Ethylene 
2-Pentene 1-Butene Ethane 
F = Propylene Gc Ethylene H = Propylene 
2-Butene Propylene Unreacted n-Butane 
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Table 5 - Concurrent Reaction Mechanisms 


Og in Blend, 1-Butene/ 
Test GER: % 2-Pentene 
4A 8/1 = 0.12 
4C 8/1 -- ig 
305A. 9.9/1 oe 0.24 
3,58 9/1 -- 0.20 
3A 10/1 -- On27 
1A 12. 5/1 (autoignition oe 0.39 
1.5A 12.4/1 threshold) -- 0.38 
5A 12.5/1 (A/F = 78) o- 0,24 
TA 17/1(4) (A/F = 77) = 0.60 
10.5A  13,25/1() 10.5 0.25 
12A 23. 5/1) 10 1.3 


(a) This compression ratio was established as the auto- 
ignition threshold for an air/n-pentane mixture of 55/1. 


(b) This compression ratio was chosen to yield the same 
peak pressure as in tests with air at C.R. =12.4. 


(c) Autoignition threshold. 


ism producing pentenes, it might have been expected that 
the 1-butene/2-pentene ratio would have decreased from 
11B to 5A; the opposite was observed. Apparently the higher 
effective temperature of 5A (calculated to be about 90 F a- 
bove 11A) more than offset the oxygen concentration effect. 
This higher temperature may be explained by the order of 
magnitude greater attack on the fuel at the higher oxygen 
concentration, 

It appears, therefore, that over the range of 3- 21% oxy- 
gen in the mixture that oxygen concentration has no impor- 
tant effect upon pentene production versus decomposition. 
The transition to predominantly pyrolytic or oxygen-sensi- 
tized pyrolytic processes that was found in the nitrigen/n- 
pentane tests must, therefore, occur below 3% oxygen in the 
mixture. A similar situation is found in the work of Apple- 
by, et al(2), on the decomposition of n-butane in the pres- 
ence of oxygen. Intheir work at constant temperature, oxy- 
gen concentrations from 0. 48 to 8. 5% caused no significant 
change in the propylene/butene mole ratio in products that 
may be calculated from their data. This ratio should have 
the same significance for n-butane reactions as does the 1- 
butene/2-pentene ratio with n-pentane reactions. 
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Table 6 - Effect of Oxygen Concentration 
Relative 
Op conc. 1-Butene/ 
Test C.R. in Mixture O2/n-pentane 2-Pentene 
11B 14. 25 1 Ia) 0.08 
SA 12.5 6 42 0.24 


LL 


Table 7 - Abundance of Butene in Various Butane Mixtures 


Propylene/ 


Test Mixture Gre 2-Butenes 


BIA Nitrogen/n-butane sys il No butenes found 


(15.2/1) 

B3A Air/n-butane 1D), y/1i 0.3 
(1586/0) 

B4A = Air/n-butane y/il One 
GL 1) 

B2A  Air/n-butane Pail oesy at 0.8 


(15/1) 


* Autoignition threshold. 


Hydrogen Stripping with n-Butane Fuel - Butenes were 


found in relative abundance in samples from precombustion 
of air/n- butane mixtures. Since it was shown above that no 
butenes were produced in the engime test with nitrogen/n- 
butane it seems clear that hydrogen stripping by oxygen is 
the source of butenes. Results with engine conditions con- 
stant, save for compression ratio, are summarized in Table 
7. The propylene/2-butene ratio is employed to show the 
relative rates of decomposition and hydrogen stripping. 
Precombustion reactions of n-butane just under the auto- 
ignition threshold were more limited than with n-pentane. 
Yield of carbonyl compounds was less than 10% of the yield 
from n-pentane and conversion of n-butane to total synthetic 
hydrocarbons was approximately 1/4 that for n- pentane. 


Precombustion Reactions with 1-Pentene - The precom- 
bustion of 1-pentene was observed at compression ratios a- 
round 19 with the usual engine operating conditions. The 
principal observations were: 


1. Hydrogen stripping occurred to yield 1, 3-pentadienes. 

2. Product distribution of 4-carbon and smaller synthetic 
hydrocarbons resembled that found by Gorin, et all) in 
cracking 1-pentene. However, we obtain for the mole ratio 
propylene/(butenes + butadiene) values of 0.25 to 0.5 while 
Gorin found 1 to 1.2 at somewhat higher temperatures. 

3. No isomerization of 1-pentene to 2-pentenes was 
detected. 
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Production of Hydrogen in Precombustion - In engine tests 
with air/n-pentane mixtures, limited quantities of hydrogen 


were found and determined semi-quantitatively. A source 
is suggested by the ethylene/ethane ratios of 30-100/1 that 
prevailed in the engine samples as opposed to ratios near un- 
ity that are reported for low pressure pyrolysis (Table 1). 

It appears that ethyl radicals formed by decomposition 
of pentyl radicals or otherwise would have two paths to eth- 
ylene and one to ethane, as follows: 

4, CoH5. ——— > CoHy (ethylene) + H- 

5. CoHs5: + Og —»CoHq4 + HO2: 

6. C9H5- + RH (fuel or other species with reactive hy- 

drogen) ———> CoH¢ (ethane) +R: 

7. H- +RH —+ Ho+R- 

Probability for reaction 6 is obviously lower in a stoichio- 
metric air-fuel mixture than in an undiluted n-pentane py- 
rolysis. If reaction 4 is coupled with 7 then a mode of form- 
ation of molecular hydrogen is supplied. (Wall recombina- 
tion of hydrogen atoms might occur also. ) 

In cool flame oxidation of rich mixtures of ethane at a- 
round 1000 F, Gray(6) found evidence for concurrent oper- 
ation of reactions 4 and 7 and of 5. In his work, product 
mole ratios of ethylene/hydrogen of around 4/1 occurred. 
We observed ethylene/hydrogen ratios as high as 9 in lean- 
mixture test 7A and as low as 0.5 in test 12A with 10% oxy- 
gen and quite high peak cycle temperature. 

Synthetic Hydrocarbons from Peroxide Oxidation Mech- 
anism - In the above discussion the observed production of 
1-butene was employed as an index of the decomposition 
of pentyl radicals and it was assumed to have no other ori- 
gin. Various radical recombination reactions might yield 
1-butene but they appear to be of low probability. However, 
another mode of formation of 1-butene that might be hypo- 
thesized would involve the formation of a primary pentyl 
hydroperoxide C,HgCHQO0H which might degrade to C4Hg- 
CHO or C4HgOH as suggested by Boord 5), Decomposition 
of the aldehyde would produce a butyl radical that could 
undergo hydrogen stripping to butene; dehydration of the 
C4HgOH would likewise yield butene. It seems reasonable 
to assume, along the line suggested by Boord, that the form- 
ation of a primary hydroperoxide may be only 1/6 or 1/5 as 
probable as formation of secondary hydroperoxides in the 


case of n-pentane. This limited probability, together with 
the multistep processes required to go from the primary hy- 
droperoxide to butene, make the contribution of the overall 
mechanism to the observed 1-butene production likely to be 
insignificant. It is concluded, therefore, that 1-butene can 
be regarded as primarily a product of the pyrolytic decom- 
position of pentyl radicals. (An experiment with the term- 
inal position of n-pentane labeled with C!4 should be help- 
ful in evaluating transient formation of valeraldehyde. ) 

Other mechanisms following the original formation of 
hydroperoxides in the oxidation of n-pentane may yield pro- 
pylene and ethylene; such are: 

(1) Formation and degradation of secondary alkyl hydro- 
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peroxides as outlined by Boord, 

(2) Attack on propionaldehyde or higher aldehydes to 
yield an acyl radical which decomposes to yield an alkyl 
free radical and carbon monoxide(®, 24), The ethyl radical 
so formed from propionaldehyde would in the engine be ex- 
pected to be converted to ethylene as discussed in the pre- 
ceding section. (Attack on carbonyl compounds is quite 
vigorous in the engine in precombustion of n-pentane as ev- 
idenced by the rate of fall of carbonyl concentration from a 
peak at 15 deg atc to a lower value at say 25 deg atc as 
shown by Davis, et al(12) and confirmed in this laboratory. ) 

If a product mole ratio of 2/1 for propylene/1-butene is 
accepted for pyrolysis of n-pentane (Table 1) then propyl- 
ene in excess of this ratio is the sum of that coming out of 


mechanisms 1 and 2. Propylene/1-butene ratios of 3, 3-4/1 
were observed with stoichiometric air/n-pentane mixtures, 
suggesting that 1/3 to 1/2 of the total propylene came out 
of peroxide decomposition mechanisms or from valeralde- 
hyde and/or butyraldehyde decompositions. 

In considering excess ethylene, adjustment must be made 
for the reactions of ethyl radicals in the presence of oxygen 
to produce mostly ethylene. A direct comparison, there- 
fore, cannot be made with ethylene yield versus 1-butene 
in oxygen-free pyrolysis. Instead, a reference point from 
pyrolysis is obtained by considering the mole ratio, (ethyl- 
ene + ethane)/1-butene. In pyrolysis of n-pentane the ex- 
perimental values for this ratio are close to 3 although Rice's 
theory would give a value of 4, increasing to 5.75 with in- 
creasing temperature. In typical engine tests with stoichio- 
metric air/n-pentane mixture, the value of the ratio ranged 
ftom 3.6 to 5.0, averaging 4.2. This suggests that a maxi- 
mum of about 30% of the total ethylene found had its gen- 
esis in peroxide mechanisms. 


The criteria developed just above may be applied to en- 
gine tests 6A and 6B that were made with oxygen concen- 
trations of 0.1 - 0.2% and in which no detectable carbonyl 
compounds were produced. It may be concluded that per- 
haps 25-30% of the propylene and 20% of the ethylene did 
not come from pyrolysis. 

Hydrogen Peroxide - In the analysis of precombustion 
sample gas from air/n-pentane mixtures close to autoigni- 
tion conditions, only very small concentrations of alkyl hy- 
droperoxides were found and hydrogen peroxide only to the 
extent of 1-5 mole % equivalent of the pentenes produced. 
Tests were, therefore, made in which a 3% aqueous solu- 
tion of hydrogen peroxide was pumped in place of fuel to 
form a mixture with air (16/1) that was inducted into the 
motored engine at a compression ratio of 12/1. Only 1-3 
% of the original hydrogen peroxide concentration could be 
found in the sampling valve gas, even when sampling was 
advanced to 50 deg btc or with the mixture temperature re- 
duced to about 80 F. A part of the hydrogen peroxide de- 
composed within the cylinder, for after the tests the top of 
the piston was free of previously accumulated carbon de- 
posits, The absence of substantial amounts of hydrogen per- 
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oxide in fuel tests may, therefore, largely reflect the cat- 
alytic activity of the walls of the apparatus. 

Sturgis(*°) has observed that increasing and substantial 
amounts of hydrogen peroxide are found in motored engine 
exhaust with n-heptane and isooctane fuels as the autoig- 
nition limit is approached. The increases roughly parallel 
the simultaneous increases in total olefins found. Downs. 
et al(21) observed a double peak to total peroxides concen- 
tration in the sampled end gas of a fired engine versus crank 
angle at sampling, with mixed isooctanes fuel. The early 
peak may be associated with alkyl hydroperoxides from the 
peroxide mechanism of oxidation with probably some hy- 
drogen peroxide. The late peak might be predicted to con- 
tain a greater amount of hydrogen peroxide resulting from 
hydrogen stripping. 

In view of the above, it seems likely that hydrogen strip- 
ping is accompanied by formation of HOo free radicals and 
that at least a portion of the HOg will react with fuel to pro- 
duce hydrogen peroxide and fulfill the chain mechanism. 
Furthermore, Satterfield and Stein\2) have proposed a step 
in the gas phase decomposition of hydrogen peroxide as 
follows: 


8. HOp: +H 909 ———» Hg0 + Og + + OH 


This reaction would destroy hydrogen peroxide and the 
HOg precursor of hydrogen peroxide as well. The hydrogen 
stripping chain, however, might be continued, for the OH 
radical should serve to strip hydrogen as HOpd is postulated 
to do. 

Conclusions - The cracking and hydrogen stripping reac- 
tions in precombustion of a paraffin fuel are indicated to 
afford sources of H atoms, HOg free radicals and perhaps 
indirectly of OH free radicals. Since one or more of these 
species are generally believed to be the active agents in au- 
toignition, it appears that cracking and hydrogen stripping 
may contribute to autoignition. 

The residual hydrocarbons in automotive exhaust are 
comprised of synthetic hydrocarbons and unreacted fuel. 
The C, - C, fraction is primarily synthetic, and the Cog - 
C4 species are reported as largely olefinic, as would be ex- 
pected if generated from cracking or decomposition of per- 
oxide structures and with perhaps some hydrogen stripping. 
Synthetic olefins and diolefins would be expected in the Cs, 
fraction as a result of hydrogen stripping acting on paraffin 
and olefin components of the fuel. 
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Discussion 


Mechanisms Involved in Vapor Phase 
Oxidation of Hydrocarbons 


J. F. Kunc, H. S. Roblee, Jr. 
Esso Research & Engineering Co. 


THE AUTHORS are to be complimented for tackling and 
at least partially unraveling some of the threads of an im- 
portant and extremely complex problem. It has been am-- 
ply demonstrated by many investigators that a tremendous 
amount of chemistry can take place ahead of the advancing 
flame front in the spark-ignited engine. The nature of this 
chemistry determines whether the material ahead of the 
flame will continue to burn smoothly or will ignite sponta- 
neously at some point in the process to cause knock. It is 
generally conceded that knock will occur if the critical con- 
centration of some chemical compound or compounds is ex- 
ceeded. However, neither the nature of these compounds 
nor their critical concentration is known. 

Much research has been done on the problem of the 
mechanisms involved in the vapor phase oxidation of hydro- 
carbons. In spite of this fact, however, our over-all knowl- 
edge of the field remains sketchy and woefully incomplete. 
Many theories have been proposed but none of them have 
been adequately proved. The basic difficulty rests in the 
nonselectivity of both oxidative and pyrolytic reactions. As 
a consequence, as the authors and others have shown, if a 
mixture of a single pure hydrocarbon with air is heated, a 
host of intermediate compounds are formed before the car- 
bon is all converted to COg and the hydrogen is all convert- 
ed to water. The individual intermediates may be either 
more or less resistant to knock than the parent compound. 
A brief description of a study we conducted on a lean mix- 
ture of 2-methylpentane with air in a rapid compression ma- 
chine illustrates the complexity of the situation. In this ex- 
periment, the mixture was rapidly compressed and then rap- 
idly quenched 1 millisec prior to the time it would have 
ignited spontaneously if it had not been quenched. At this 
time about 70% of the 2-methyl-pentane had disappeared. 
Analysis of the quenched sample using gas chromatographic 
and Time-Of-Flight mass spectrometric techniques revealed 
the presence of at least 40 chemical compounds not in the 
original material. These included 14 different olefins and 
a wide variety of oxygenated materials. 

In agreement with the findings of the authors, the studies 
which we have made using the rapid compression machine 
indicate that at least certain hydrocarbons do readily under- 
go pyrolytic and oxidative reactions simultaneously under 
temperature and pressure conditions comparable to those pre- 
vailing in engines. Under severe conditions the reactions 
can be extensive provided they are allowed to proceed for 
a sufficient period of time (for example, more than a few 
milliseconds). In engines operating at reasonable speeds, 


however, the time that the reactants are exposed to really 
high temperatures and pressures is relatively short (usually 
2 millisec or less). No conclusions regarding the signifi- 
cance of these reactions in terms of fheir influence on en- 
gine power output or knocking can be drawn at this time.. 

As a matter of interest in connection with the general 
question of the vapor phase oxidation behavior of hydrocar- 
bons, Fig. A presents the results of ignition delay experi- 
ments conducted by Esso Research on the five isomers of 
hexane in admixture with air in a rapid compression ma- 
chine. As might have been anticipated, their ignition de- 
lay times roughly parallel their antiknock characteristics. 
Of more interest, however, is the shapeoof the pressure time 
curves, It will be noted that the increase of pressure with 
time becomes much more gradual in progressing from n- 
hexane to 2,3-dimethylbutane. This indicates that 2, 3-di- 
methylbutane undergoes reaction much more slowly than n- 
hexane and the other isomers exhibit intermediate reactivi- 
ties. Based on gas chromatography of quenched samples 
taken during the ignition delay period, all ofthe hexane iso- 
mers undergo both oxidative and pyrolytic reactions prior to 
spontaneous ignition as indicated by the presence of both 
oxygenated and olefinic compounds. 

Pyrolysis and oxidation reactions usually convert hydro- 
carbons to both higher and lower molecular weight materi- 
als. It would be of interest to learn whether the authors ob- 
served the formation of high boiling materials in the course 
of their studies, Conceivably, determination of the oxygen 
content of the high molecular weight materials might be 
quite revealing in helping to decide whether the reactions 
involved were predominantly pyrolytic or oxidative innature. 

In conclusion, we would like to inquire whether the au- 
thors plan to continue their study and, if so, what general 
plan of attack is being considered. Since oxidation reactions 
are generally exothermic, whereas pyrolysis reactions are 
endothermic, it might be interesting to determine the over- 
all exo- or endo-thermicity of the reactions taking place in 
the motored engine by making temperature as well as pres- 
sure measurements, 


2-METHYLPENTANE 
(12.5 MS) 


| 3-METHYLPENTANE 
pressure| MEXANE ee 
(7.2 MS) 2-2 DIMETHYLBUTANE 


~80 ATM.-- (273 MS) =| 
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(~ 75MS) 


TIME——> 


Fig. A — Ignition delay and pressure-time path reflects differ- 
ences in oxidation behavior of hexane isomers 


=I 


PRECOMBUSTION OF HYDROCARBONS 


Chemical Kinetic 
Problems 


P. R. Ryason 
California Research Corp. 


THE AREAS covered by the research reported in this paper 
are very extensive. We limit our comments to certain as- 
pects of the chemical kinetic problems. Both static and 
flow experiments on thermal decomposition of hydrocarbons 
are very much influenced by the walls of the container. The 
time required in the motored engine compression of a hydro- 
carbon-air mixture is so short as to make it unlikely that 
wall reactions are important in the combustion chamber 
proper. Another important factor is that the laboratory ex- 
periments were carried out under isothermal conditions, 
whereas a rapidly varying time-temperature history occurred 
in the engine. In view of the extreme temperature depend- 
ence of reaction rates and the sensitivity of free radical re- 
actions to surface conditions, we believe it is difficult to 
compare rigorously the experimental engine and laboratory 
data. Even in laboratory experiments, the Rice mechanism 
is regarded as not inconsistent with the observed rates of 
thermal decomposition. Generally, this mechanism is re- 
garded as exhibiting the possibility that free radicals may 
be important in hydrocarbon decomposition. More direct 
proof of the presence of free radicals is always required in 
each case. 


Product ratios similar to those predicted by the Rice 
mechanism are not sufficient proof the reactions are, in 
fact, free radical in nature. Inhibition by nitric oxide is 
more conclusive evidence that free radicals are present in 
the system. The authors are asked if they have any data on 
the effect of nitric oxide in the motored engine decomposi- 
tion of hydrocarbons? The author's scheme is reasonable, 
but additional evidence is required to prove the contention 
free radicals are present. The exact mechanism is complex 
and probably involves chain reactions. Many parallel re- 
action paths with common intermediates, in a nonsteady 
situation, make the interpretation of observed rates diffi- 
cult. The surest experiments are those which involve some 
direct interaction with a postulated intermediate. Reac- 
tions with a reagent, such as nitric oxide, or direct obser - 
vation by optical or mass spectroscopy are examples that 
come to mind of such direct interactions. 


Whatever the exact mechanism, the production of ole- 
fins is of particular interest. Do the authors have data on 
the olefin production from higher paraffin homologues? Can 
any general statements be made concerning the types of ole- 
fins likely to be synthesized in the engine from aliphatic 
hydrocarbons boiling in the gasoline range? 
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Cracking Reactions and Hydrogen Stripping 


C. Walcutt 
Ethyl Corp. 


THE AUTHORS have given us additional evidence to sup- 
port the idea that cracking reactions and hydrogen stripping 
are some of the initial steps in hydrocarbon degradation. It 
is suggested that, in the case of pentane, hydrogen stripping 
by oxygen accounts for the pentenes observed while crack - 
ing reactions account for the butenes. This concept seems 
to fit in well with their experimental data. 

A reduction in oxygen concentration would be expected 
to reduce the tendency for oxygen to strip hydrogen from the 
parent molecule, and thus increase the ratio of butene to 
pentene, as found experimentally. 

A point that might be elaborated on a little is their find- 
ing that the ratio of butenes to pentenes increases with in- 
creased compression ratio. Some years ago, in trying to 
account for the proknock effect of a precool flame reaction 
with no evidence of heat release, * we use a reaction mech- 
anism proposed by Wilson**, His concern, like that of Dr. 
Welling, was to account for the olefins and hydrogen perox- 
ide formed during the oxidation of a paraffin. It is of in- 
terest to note that this reaction mechanism, as shown in the 
following equation, 


AH: 
RCH2CHg-: + O2 —» RCH = CHo + HOo: Kceal/mole 
-4 
RCHCH3 + HOp:—> RCHgCH: + H202 0 
Ps 
RCH»CH3 + Op —» RCH = CHg + H902 -4 


is quite similar to the one used by Dr. Welling to account 
for the olefins obtained in his motored engine studies, This 
reaction mechanism indicates that only a small amount of 
energy is required for hydrogen stripping as compared to 
what would be required for thermal decomposition and form- 
ation of butenes, This, then, fits in well with the findings 
of Dr. Welling and his co-workers; namely, that high com- 
pression ratio and more energy input to the gases increases 
the ratio of butenes to pentenes. 

The authors attempted to compare their engine data with 
conventional data obtained in reaction vessels and flow sys~* 
tems. Although qualitative comparisons may be possible, 
it would appear rather dangerous to make quantitative com- 


*R, E. Wilson, Doctorial Thesis, Massachusetts Insti- 
tute of Technology, 1953. 
**C, Walcutt, J. M. Mason, and E. B. Rifkin, "Effect of 
Preflame Oxidation Reactions on Engine Knock, " Ind. Engr. 
Chem., Vol. 46 (May, 1954), 1029-1034. 
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parisons, because of the large differences in contact time 
between conventional systems and engines. The longer con- 
tact time in conventional systems would allow the reaction 
to more nearly reach an equilibrium state. Consequently, 
it is difficult to see how quantitative comparisons would be 
possible. Also, I believe the point is not well established 
that cracking reactions and hydrogen stripping, which lead 
to olefinic constituents in unburned fuels during precombus- 
tion, are the reason tor the existence of oletins in exhaust 
residuals after combustion. 

Mention was made that only very small concentrations 
of alkyl peroxides and hydrogen peroxide were found. We 
have done some experimental work where the sampling ap- 
paratus we used was similar to that used by Dr. Welling. In 
our case, however, the CFR engine was spark ignited. We 
had no difficulty in finding increasing concentrations of car- 
bonyls and peroxides as the flame front approached the end 
zone at knock-limited operating conditions. We were un- 
able, however, to get satisfactory results with instrumental 
methods and had to resort to wet chemical procedures. 

Frequent reference is made in the paper to "airfuel” ra- 
tios in systems without oxygen or with oxygen reduced from 
the normal level in air. 1 suppose what is meant by "airfuel" 
ratio is the ratio of diatomic gases to fuel. Another item I 
wish to comment on is the method of measuring airfuel ra- 
‘tio in the engine. It is explained that the engine is first 
run on air without fuel and the air consumption is measured. 
Then, the amount of fuel required is calculated and intro- 
duced into the intake manifold. Since an engine is a vol- 
ume breathing device, the fuel vapors, to the extent that 
they are evaporated before the valve closes, would reduce 
the previously measured air consumption. This would then 
invalidate the previous calculations; the engine would be 
operating richer than intended. Perhaps it was assumed that 
all the pentane was evaporated in the intake manifold and 
an allowance was made for its volume. This would not, how- 
ever, allow for the reduction in intake-manifold temperature 
due to fuel evaporation and the resulting increase in engine 
volumetric efficiency. 


C. E. WELLING, et al. 
Authors’ Closure to Discussion 


HIGH BOILING materials that were observed in our studies 
were oxygenates. No hydrocarbons of greater molecular 


. weight than the fuel were observed. The experimental con- 


ditions are thought to strongly favor the unimolecular de- 
composition of a radical or its reaction with reactants of rel- 
atively high concentration (fuel or oxygen) rather than with 
another hydrocarbon radical which is also in low concentra- 
tion. 


No data were obtained on the influence of nitric oxide 
on precombustion reactions. With respect to olefin produc- 
tion from gasoline range aliphatic hydrocarbons in a fired 
engine, limited data indicate lower olefins, presumably from 
pyrolysis, predominate but higher olefins which could have 
been produced by hydrogen stripping are also present. 


With respect to the pyrolysis of pentyl radicals under a 
variety of conditions, problems of heterogeneous reactions 
and secondary reaction¢ do exist as has been suggested by 
the discussors. Also, the unimolecular decomposition in 
gas phase of 2-pentyl radical, for example may invariably 
give the same products but unless the reactivities of primary 
and secondary hydrogens in n-pentane are in the same ratio 
for all attacking species a variation in relative quantities 
of 1-, 2-, and 3-pentyl radicals produced and of their de- 
composition products could readily occur between precom- 
bustion and oxygen-free pyrolysis. In the present work the 
overall variations do not appear to be large except for the 
ethane-ethylene case. The most significant feature of the 
pyrolysis of n-pentane is that it fails to produce pentanes in 
quantity as precombustion may do. 


In measurements of air volume and mixture ratio fed the 
engine, allowance was made for volume of fuel vapor. The 
manifold heater was adjusted to maintain constant manifold 
temperature with or without fuel. 
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Fig. 1—Thermocouple construction and installation 


Unsteady Heat Transfer in Engines 


A THERMOCOUPLE, whose junction is located one micron 
below the surface of the combustion-chamber wall of an 
engine, was used for the following studies, together with 
appropriate oscillographic equipment, to give recordings of 
the combustion-chamber metal surface temperature as a 
function of time. Data were taken in two ways: 

1. Deliberately keeping the thermocouple free of de- 
posits. 

2. Deliberately building up deposits over the thermo- 
couple. 

The first procedure, plus suitable mathematical analysis, 
gave instantaneous heat transfer rates through the gas-metal 
interface. This permitted evaluation of heat transfer coef- 
ficients in unsteady heat transfer. The data and accompany- 
ing analysis suggest that the concept of the heat-transfer co- 
efficient h is of questionable utility and validity in unsteady 
heat transfer. A theoretical analysis and correlation of ex- 
perimental data are presented. 

The second procedure shows that deposits from different 
fuels have markedly different effects on heat transfer and 
heat transfer rates. An empirical analysis of the experimen- 
tal data is presented. A theoretical analysis permits estima- 
tion of the thermal properties of the deposits and of the gas- 
deposit interface temperature as a function of time. 

While two studies with different objectives are reported 
herein, the basic instrumentation was nearly the same. The 
most important instrument, which was common to both stud- 
ies, was a thermocouple as described by Bendersky (1)*. The 
thermocouple construction and arrangement is shown in Fig, 
1 as well as the usual method of installation in the engine. 
As shown in Fig. 1 the nickel wire is insulated electrically 
(and thermally) from the iron body by a nickel-oxide film 
formed on the wire. The iron is drawn down on the nickel 
wire by a Wire-drawing die. After metallurgically polish - 
ing the end of the resulting concentric cylinders, a layer of 
nickel is evaporated on the end; thus the thermocouple junc - 
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tion is located at the nickel-iron interface. The nickel evap- 
oration can be controlled to obtain various thicknesses, A 
one-micron-thick layer was used for the work reported here- 
in, although some observations were made with thermocou- 
ples having a 5-micron-thick layer. The lower iron nut, 
shown in Fig. 1, together with the iron and nickel wires 
clamped by this nut, form a second thermocouple. The junc- 
tion of this thermocouple is located between the wall and 


the nut. Its output then is a measure of the wall tempera- 
ture on the water side. The iron wire is common to both 
thermocouples. 


The thermocouple records the metal temperature at the 
thermocouple junction which, for present purposes, is the 
same as the gas-metal interface temperature. Its response 
to sudden temperature changes of gases in front of it is also 
excellent. Bendersky (1) reports measurements where the 
rate-of-change-of-metal temperature with time was as high 
as 800 F per millisecond, which was roughly ten times the 
maximum values measured in this work. 

Two CFR engines were used for the investigations, al- 
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Fig. 3—Typical drum camera record showing data obtained 


though some of the earlier work was done with a Lauson oil- 
test engine (2) and an Ethyl test engine (3). The thermo- 
couples were installed in the same locations in both CFR en- 
gines, as shown in Fig. 2. 

The CFR engines were not always fired from the same 
place. The reader is cautioned to note the place from which 
the engine was fired if he attempts to draw any conclusions 
regarding flame speeds or other similar phenomena. 

The output from each thermocouple was amplified by a 
low-noise, high-gain d-c amplifier (4), and the output of 
the amplifiers was displayed on a bank of oscilloscopes. The 
oscilloscopes were photographed by means ofa drum camera. 
A typical trace with the pertinent features labelled is shown 
in Fig. 3, 

The engine used to obtain data with clean thermocouples 
was equipped with an American Bosch fuel injector and pint- 
le nozzle in the intake manifold as well as a shrouded in- 
take valve. Cylinder gas pressure was recorded with a Li- 
Draper transducer -and associated d-c amplifiers. All data 
were obtained with the engine fired from the spark plug hole. 

The engine used in the deposit studies was equipped with 
a carburetor and unshrouded intake valve, and it was fired 
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Fig. 4—Comparison of two different types of thermocouple 


from the bouncing pin hole. Other differences between en- 
gine instrumentation will be noted where applicable. 

Both engines were equipped with dynamometers to meas- 
ure power output. Crank angle degree markers to indicate 
piston position were obtained by means of a magnetic de- 
vice (Fig. 3). The interference on the traces when the en- 
gine was sparked provided a convenient spark detector 


(Fig. 3). 
m 


Section | — Tests Without Deposit 
m 
Early investigators recognized that inner metal surface 
temperature variation could be expected in operating en- 
gines. Asa matter of interest Donkin (5) inserted small 
mercury-in-glass thermometers in the cylinder walls of a 
steam engine and observed a periodic rise and fall of the 
mercury with the engine operating at 35 rpm. Coker (6) 
used a thermocouple, galvanometer, and point-by-point 
technique to record wall temperature variations in a spark- 
ignition engine. Nusselt (7) used a bomb to obtain funda - 
mental knowledge of heat transfer coefficients. Dahl (8) de- 
veloped theoretical relationships for cyclic temperature and 
stress variations in a cylinder wall. The peak predicted ther- 
mal stress was 4900 psi compression in the example used. 
Eichelberg (9, 10) used thermocouples located at a slight 
distance beneath the gas-metal interface in slow speed die- 
sel engines to develop a correlation for the heat transfer co- 
efficient h as a function of average piston speed, cylinder 
pressure, and cylinder gas temperature. This correlation has 
been used in many subsequent investigations and computa- 
tions for heat transfer in diesel engines. Meier (11) was in- 
spired by the theoretical studies of Ptriem (12, 13) and de- 
veloped a gold resistance thermometer suitable for record- 
ing wall temperature variation in an engine operating at 
2000 rpm, but heat transfer computations were not perform- 
ed, Elser (14) used Eichelberg's technique to measure diesel 
engine wall temperatures and developed a correlation for h 
in dimensionless form. In a recent investigation by Vincent 
(15), Eichelberg's formula for h was used to predict thermal 
loadings of diesel engine cylinder walls, which were com- 
pared with experimental data, but no attempt to determine 
unsteay heat transfer was reported. 


UNSTEADY HEAT TRANSFER IN ENGINES 


10 LAUSON L-HEAD ENGINE 
SPEED— 2500-2600 RPM 


SWING (F ) 


5 SPARK — 31° BTC 


WALL TEMPERATURE 


04 .06 .08 10 2 
FUEL—AIR RATIO 


Fig. 5—Wall temperature swing versus fuel-air ratio with an 
L-Head engine 
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Fig. 6—Pressure swing versus manifold pressure in a fired and 
motored engine 


Attempts have been made to measure wall surface tem- 
perature at the University of Wisconsin for the past ten years. 
Schmidt (3) formed an iron constantan thermocouple using 
a plug made of cylinder head material as one of the ele- 
ments. He ground down the resulting junction to make it 
as near to the surface as possible. Although temperature 
variations were recorded, the resulting data were not suit- 
able for extended heat transfer computations. Pless (2), un- 
der the direction of T. J. Schweitzer, used a thermocouple 
developed by Bendersky (1) to record wall temperature vari- 
ations in a Lauson oil test engine with good success. A ther- 
mocouple as described by Schmidt (3) was also inserted in 
the head of the engine. Fig. 4 shows the response of each 
of the thermocouples under similar operating conditions. It 
may be seen from Fig. 4 that the Bendersky type thermocou- 
ple is far superior to the older type, since many surface tem- 
perature variations are present in the response of the newer 
high-speed thermocouple. Data were obtained by Pless with 
the engine operating at full throttle, 31 deg spark advance, 
speed of 2500-2600 rpm, and varying air fuel ratio. These 
data are presented in Fig. 5. The term "wall temperature 
swing" used in the figure represents the difference between 
the maximum and minimum temperatures during the cycle. 
The large decrease in wall temperature swing at very rich 
fuel air ratios may be partly due to deposit formation during 
the test run. 
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Table 1 - Clean-Engine Operating Conditions 
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Overbye (16) used the Bendersky type thermocouple and 
a theoretical analysis in studies with a spark-ignition CFR 
engine. This is the basis for the studies of heat transfer and 
heat transfer coefficients presented herein. 

Surface temperature measurement and subsequent heat 
transfer analysis is desirable for an operating internal com- 
bustion engine for three principle reasons: 

1. To account for heat transfer during an engine cycle 
analysis. 

2. To determine cyclic thermal stresses in the wall ma- 
terial. 

3. To determine the effect of heat flow on volumetric 
efficiency. 

The investigation described herein is concerned primarily 
with the first reason. 

The surface thermocouples, test engine, and instrumen- 
tation previously described were used to determine the ef- 
fect of various operating conditions on the wall temperature 
variation of a clean engine. The data obtained were ana- 
lyzed, using heat transfer equations developed in the Appen- 
dix, to determine the magnitude of heat transfer through the 
wall surface. An attempt was made to correlate the data 
with more easily determined engine parameters, such as 
speed, cylinder gas pressure, and cylinder gas density. If 
this task proved to be insurmountable, it was hoped to at 
least express the derived quantities in more commonly ac- 
cepted terms such as heat transfer coefficients. 

Unleaded fuel (iso-octane) was used in all fired tests (ex - 
cept for iso-octane-normal heptane mixtures for 70 octane 
data). Air was used in motored tests. The thermocouples 
were cleaned prior to each series of runs by inserting a ny- 
lon brush saturated with acetone through the spark plug hole 
and gently swabbing the thermocouple surfaces. The fired 
tests shown in this section were performed with nearly sto- 
ichiometric air fuel ratio such that deposit formation during 
the test run was very small. It will be seen that initial data 
could be reproduced at the end of a series of prolonged tests, 


Fired Data 


Variation of Intake Manifold Pressure - One of the vari- 
ables studied quite intensively was variation of the intake 
manifold pressure in a fired engine. The operating condi- 
tions, which were held constant except when deliberately 


464 


THERMOCOUPLE | 


(F) 


@DECREASING SUPERCHARGE é 


FIRED e-8 
o- 
e e- 
e- 


WALL TEMPERATURE 
SWING 


400° 600 800 1000 
PRESSURE SWING (PS1) 


Fig. 7—Wall temperature swing at thermocouple 1 versus 
pressure swing in a fired engine 


varied, are shown in Table 1. It may be noted from the 
table that the air fuel ratio was slightly richer than stoichio- 
metric. This was chosen so that the engine would operate 
satisfactorily over the entire range of intake manifold pres- 
sures used in the tests and yet deposit formation would be 
slight. Visual examination of the combustion chamber ther- 
mocouple surfaces showed a slight cloudiness after the series 
of tests, which required approximately 2 hr to complete. 

The effect of manifold pressure on cylinder gas pressure 
in the fired engine is shown in Fig. 6. The figure also shows 
the effect of intake manifold pressure on cylinder gas pres- 
sure in a motored engine, which will be discussed in detail 
in later sections. The difference in maximum and minimum 
gas pressure during the cycle was found to be a convenient 
correlation variable, and it will be referred to as "pressure 
swing”. A similar variation in wall temperature is obtained 
in taking the difference in maximum and minimum wall sur- 
face temperature during the cycle, which, as previously 
stated, will be termed "wall temperature swing”. 

Figs. 7-9 show variation of wall temperature swing as a 
function of pressure swing at thermocouples 1, 2, and 3 re- 
spectively. Fig. 8 also shows the variation of wall temper- 
ature swing at thermocouple 2 in a motored engine, which 
will be discussed in detail in later sections. It will be noted 
on the figures that two data points occur for each value of 
pressure swing. These two temperature swings were obtained 
from two successive cycles of recorded wall surface temper- 
ature variation. The pressure swing abscissa is the arithme- 
tic mean of two successive pressure cycles. The data are 
presented in this manner to emphasize cycle-to-cycle tem- 
perature swing variation. Cycle-to-cycle pressure variation, 
on the other hand, was usually less than 2% peak pressure; 
thus the average pressure swing was used. The trend of in- 
creasing wall temperature swing with increasing pressure 
swing is present in each of the figures as may be expected 
intuitively. This intuition will be confirmed later in heat- 
transter-coefficient analysis. Also the figures show that data 
points obtained during decreasing supercharge runs (obtained 
later in the test period) agree with points obtained during in- 
creasing supercharge. Thus the effect of deposit formation 


V. D. OVERBYE, etal. 


50 THERMOCOUPLE 2 


O INCREASING SUPERCHARGE 
@ DECREASING SUPERCHARGE 


) 
A 
° 


(F 


30 FIRED O 


SWING 
nm 
oO 


° 


WALL TEMPERATURE 


o— MOTORED 


200 400 600 800 1000 
PRESSURE SWING (PS!) 


Fig. 8—Wall temperature swing at thermecouple 2 versus 
pressure swing in a fired and motored engine 
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Fig. 9—Wall temperature swing at thermocouple 3 versus 
pressure swing in a fired engine 


on wall surface thermocouples under these operating condi- 
tions appears negligible. 

It will be noted that the curves in Figs. 7-9 have signifi- 
cantly different slopes and that the slope of the motored 
curve in Fig. 8 is different from the slope of the fired curve, 
Presumably the difference between the fired curves is due 
to location, i.e. , gas movement or head construction - the 
difference between the fired and motored slopes in Fig. 8 
is that of gas composition, and the difference in ordinate is 
probably due to gas-wall temperature differences. 

Variation of minimum wall surface temperature at each 


of the thermocouples is shown as a function of cylinder pres- 
sure swing in Fig. 10. Here the steady-state level of the sur- 


face temperature is seen to increase with cylinder pressure 
swing. The obviously greater increase in minimum wall sur- 
face temperature at thermocouple 2 may be explained by 
its location in the engine. Thermocouples 1 and 8 are in- 
stalled in relatively large areas of uniformly thick metal ad 
equately covered with cooling water, while thermocouple 
2 is installed near the exhaust valve where the metal thick- 
ness is nonuniform and the flow of cooling water is definite - 
ly restricted. These relative locations of the three thermo- 
couples may also explain later peculiarities in heat transfer 
computations, 

Finally, the variation of water jacket metal surface tem- 
peratures as measured by the water jacket thermocouples is 
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shown as a function of cylinder pressure swing in Fig. 11. 
The trend of the water jacket surface temperatures is seen 
to be similar to the trend of minimum combustion chamber 
surface temperatures, but the slopes of the curves are lower. 
Incidentally, Fig. 11 shows that the water jacket surface 
temperatures are always higher than those of the continuous- 
ly boiling coolant, which was water. 

Variation of Intake Valve Position - The data shown in 
the preceding section were obtained with the shrouded in- 
take valve positioned such that the shroud opened toward the 
spark plug hole. Fig. 12 shows a section of the temperature 
level above the minimum value in the cycle as a function 
of crank angle for thermocouples 1, 2, and 3, with the in- 
take valve orientated in this manner. Examination of Fig. 
12 reveals that thermocouple 1, which is mearest to the spark 
plug, does not respond first in the cycle, but rather thermo- 
couple 2 is the first to respond. In fact, Fig. 12 shows ther- 
mocouple 3 responding before thermocouple 1. This indi- 
cation of burning characteristics in the combustion chamber 
suggested that variation of the inlet valve position affects 
flame patterns. 
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The intake valve was rotated 90 deg clockwise, so that 
the shroud opened toward the exhaust valve. Fig. 13 is a 
section of surface temperature variation above the minimum 
value at thermocouples 1, 2, and 3 as a function of crank 
angle with the intake valve in this position. It may be seen 
from Fig. 13 that the flame progresses across the chamber 
as if it were passing through a relatively quiescent mixture, 
since it is assumed that the thermocouple responds sharply 
when the flame front passes by the thermocouple location. 
Fig. 13 also shows that thermocouple 3 does not respond un- 
til late in the cycle even though it is "looking" at the flame 
front traveling across the chamber; this suggests that radiant 
heat transfer is not significant during combustion, 

In view of the effect of orientation of the shrouded valve 
on thermocouple response in the fired engine, an arbitrary 
definition is made that the intake-valve position with the 
valve shroud opening toward the spark-plug hole is a posi- 
tion of "maximum turbulence”, while the position with the 
shroud opening toward the exhaust valve is termed the posi- 
tion of "minimum turbulence." Several test runs with the 
valve shroud rotated 180 deg from the maximum and min- 
imum _ turbulence positions showed no significant variation 
in test results obtained with maximum or minimum turbu- 
lence positions respectively. However, the response of ther- 
mocouple 1 does indicate that the effect of turbulence on 
flame pattern is reduced with the intake valve orientated, 
as recommended by ASTM, as compared with the shroud 
opening toward the spark plug hole. 

Fig. 14 shows the wall temperature above the minimum 
level at thermocouple 1 as well as cylinder pressure as a 
function of crank angle in the supercharged condition of 
minimum turbulence. It is seen from Fig. 14 that the ther- 
mocouple response is a sudden smail jump and a gradual in- 
crease in temperature with time. Fig. 15, on the other 
hand, shows the wall surface temperature variation above 
the minimum level at thermocouple 1 as well as cylinder 
pressure as a_ function of crank angle in the supercharged 
condition of maximum turbulence. Here it is seen that the 
initial temperature rise carries the wall temperature to near- 
ly the maximum value achieved during the cycle. 


] I ] ily T T 
aoe MAXIMUM TURBULENCE— FIRED | 
eS —— THERMOCOUPLE | 
Wy THERMOCOUPLE ~~ 
> = oooo THERMOCOUPLE 
aa HO) 
com> 
as 
a 22 
KE 2 O;- 

= 
zi 
aw & 
= S 10 

faa) 

at 

OL ea EY | | | 


n 1 Z iii 
690 700 vale) TDC 10 20 30 40 
CRANK ANGLE, DEGREES 


Fig. 12—Wall temperature versus crank angle for three 
thermocouples in a fired engine with minimum turbulence 
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The wall temperature responses shown in Figs. 14-15 may 
be explained in part by the pressure-time history in each 
figure as well as knowledge of factors affecting steady-state 
heat transfer. Two factors will be considered: 

1. A driving force (temperature difference between the 
gas and wall). 

2. Heat transfer resistance of the gas adjacent to the wall. 

In the fired engine with minimum turbulence (Fig. 14) 
the temperature of the gas in front of the thermocouple will 
increase abruptly due to combustion from its initial com- 
pression temperature as the flame front passes. The differ - 
ence in the gas and wall temperature at this time in the cy- 
cle is the driving force. The gas film thermal resistance is 
comparatively high due to low turbulence and low density. 
After the flame front passes thermocouple 1, the tempera- 
ture and density of the gas in front of thermocouple 1 will 
increase with time as a result of the burning of the rest of 
the charge. The burned gas may also be more turbulent than 
the unburned gas. These factors, then, slowly increase the 
driving force and decrease the film resistance of the burned 
gas in front of thermocouple 1 as the flame front advances 
across the chamber. The final result is for the wall temper- 
ature to steadily increase after the small initial rise until the 
cylinder charge is burned. 

In the fired engine with maximum turbulence (Fig. 15) 
the pressure trace indicates that the gas in front of thermo- 
couple 1 will burn from an initial temperature which is 
slightly higher than that in Fig. 14. The gas turbulence and 
density are also increased when compared with Fig. 14. 
Since the pressure record in Fig. 15 and the temperature rec- 
ords in Fig. 12 show the gas in front of thermocouple 1 to 
be one of the last parts of the end gas to burn, there is little 
chance for gas temperature or density increase after the ini- 
tial inflammation. The conditions of a large driving force, 
low film resistance, and small charge remaining to burn de- 
termine the wall temperature variation shown in Fig. 15. 

The wall temperature swing, minimum temperature lev- 
el, and water jacket surface temperature did not change ap- 
preciably with the intake valve oriented in either a position 
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Fig. 13—Wall temperature versus crank angle for three 
thermocouples in a fired engine with maximum turbulence 
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of maximum or minimum turbulence. An attempted ex- 
planation of these phenomena will be deferred until after a 
discussion of motored data. 

Since distance along a line from the spark plug to each 
thermocouple is known, it is possible to determine average 
flame speed in the condition of minimum turbulence. The 
assumption was made that the thermocouple shows it most 
rapid response as the flame front passes. Fig. 16 shows var- 
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Fig. 14—Wall temperature at thermocouple 1 and gas pressure 
versus crank angle in a fired engine with minimum turbulence 
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Fig. 15—Wall temperature at thermocouple 1 and gas pressure 
versus crank angle in a fired engine with maximum turbulence 


Ash I = ie ma 
o EXHAUST PRESSURE 
~ ATMOSPHERIC 2 
EK 10) 
Ss | a 
e 
as 80 om 4 
Ww Va 
a y: 
oO 
Pei A 
Beer islal) 
= 4 
a 43 AVERAGE FLAME ; 
Vaal SPEED BETWEEN Fig. 16—Average 
2 THERMOCOUPLES 1-2 0 flame speed versus 
& I-3@ intake manifold 
z lea BOUCHARD, et. al. ori erinen ah: fired 
wl 
20 a ss 2. 
1 | minimum 


INTAKE PRESSURE (PSIA) turbulence 


UNSTEADY HEAT TRANSFER IN ENGINES 


iations of flame speed averaged between thermocouples 1 
and 2 and flame speed averaged between thermocouples 1 
and 3 as a function of intake manifold pressure. A relation- 
ship between flame speed and intake pressure as found by 
Bouchard (17) by means of flame photography is shown as a 
solid line in Fig. 16. Bouchard's study was conducted by 
averaging about 15 flame photographs obtained from an L- 
head engine on which the intake and exhaust pressures were 
equalized. Fig. 16 is not an attempt to duplicate the earli- 
er investigation since intake and exhaust pressures were not 
equalized in the present studies, but it does suggest that sur- 
face thermocouples may be used to obtain flame patterns 
and average flame speeds in a clean engine. 

Miscellaneous Fired Data - A theoretical investigation of 
heat transfer phenomena in an engine (Appendix) indicates 
a definite (but as yet undetermined in its entirety) relation- 
ship between the temperature variations within the gas vol- 
ume and temperature variation on the wall surface. One the- 
oretical derivation indicates that wall temperature variation 
is a miniature replica of the gas temperature variation. 
These theoretical studies are intriguing in light of observa - 
tions made while the engine was knocking. 

It has been shown in Fig. 3 that the wall surface temper- 
ature increases abruptly from a low temperature before the 
flame front passes to a high temperature after the flame front 
passes when an unsupercharged engine is operated with iso- 
octane as fuel. Fig. 17 shows an example of the wall tem- 
perature variation at the thermocouples when the engine was 


operating at maximum turbulence with audible, light knock 
using 70 octane fuel. It appears in Fig. 17 that a slight 
burning occurs in front of thermocouple 1 prior to the sud- 
den temperature increase, which is characteristic of non- 
knocking operation. This phenomenon indicates that either 
a slight burning occurred in the gas volume in front of ther- 
mocouple 1 prior to the time the flame front normally ar- 
rived or that the resistance of the gas film decreased very 
markedly. This is perhaps not too unexpected, but the fol- 
lowing rather rapid decrease in wall temperature just prior 
to the arrival of the flame front is quite unexpected. 

One possible explanation would be that the thermocouple 
responded to burning gas which was swept away due to tur- 
bulence before the normal flame front arrived. However, 
it is difficult to see why this event occurred only during 
knocking operation. Another explanation would be that the 
thermocouple responded to ionization in the flame front, but 
since its impedance is low, this explanation is not satisfac - 
tory either. 

The phenomenon shown in Fig. 17 occurred on approxi- 
mately 25% of the recorded temperature cycles with the en- 
gine operating at 7/1 compression ratio and 70 octane fuel, 
and it occurred frequently in later data obtained with the en- 
gine knocking during supercharge operation at 7/1 compres- 
sion ratio using 100 octane fuel. 

An interesting result in a heavily knocking engine with 
a 9/1 compression ratio and sparked from the bouncing pin 
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hole is shown in Fig. 18. In studying Fig. 18 it should be 
remembered that the normal temperature swing under these 
conditions would be around 30 F, It will be seen in Fig. 18 
that thermocouple 1 had a temperature swing just slightly 
greater than normal, while thermocouple 2 experienced an 
initial temperature swing of approximately normal magni- 
tude, followed by a constant temperature region, and this 
was followed by another temperature rise of roughly twice 
the normal variation. Not enough work was done to explain 
the details, but Fig. 18 does illustrate the way in which the 
thermocouple might be used to study knock, 

Wall surface temperature variation at thermocouple 1 is 
shown in Fig. 19 as a function of crank angle for an early 
spark and a late spark. These data were obtained early in 
the investigation before completely satisfactory calibration 
techniques were developed. Hence, it is probable that the 
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Fig. 17—Wall temperature versus crank angle for three 
thermocouples in a fired engine with light knock 
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thermocouples in a fired engine with heavy knock 
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data presented in Fig. 19 are a few per cent too large, but 
the relative variation is significant. It is seen that an early 
spark results in gases burning late on the compression stroke 
and early on the expansion stroke with a resulting increased 
wall temperature swing, whereas a late spark results in gases 
burning late on the expansion stroke with a resulting de- 
crease in wall temperature swing. Heat transfer computa- 
tions for these curves are interesting and are presented later. 


Motored Data 


It was realized (and will be conclusively proved later) 
that any correlation between instantaneous heat transfer in 
a fired engine and other operating parameters would be ex- 
tremely difficult to formulate, despite the simple correla- 
tion for h found by Eichelberg (10) in a diesel engine. Thus 
it was decided to measure the wall surface temperature in 
a motored engine where the variable of chemical reaction 
is eliminated, The results were not too successful, as the 
chance of all amplifiers exhibiting satisfactory signal-to- 
noise ratios and stability simultaneously at the extremely 
high gain required to record motored wall surface tempera- 
tures was small. Also a set of new thermocouples were in- 
stalled in the engine head and water leakage was experienc - 
ed occasionally at thermocouples 1 and 3. Hence, the data 
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Fig. 19—Wall temperature at thermocouple 1 versus crank 
angle in a fired engine with variable spark 
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Fig. 20—Wall temperature at thermocouple 2 versus crank 
angle in an engine motored with air 
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presented in this section were obtained from thermocouple 2. 

Fig. 20 shows a section of wall temperature variation 
versus crank.angle at a condition of high intake manifold 
pressure (43.1 psia). This figure illustrates the general shape 
of the temperature-time history and indicates the magni- 
tude of the maximum wall surface temperature variation re- 
corded. It may be noted from Fig. 20 that the wall surface 
temperature variation peaks about 10 deg after tdc, while 
the gas temperature is expected to peak at tde or a few 
crank angle degrees before tdc. This observation may be 
explained by the relative temperatures of the gas and wall. 
The gas temperature begins to decrease near tdc, but its 
value is still higher than that of the wall surface. Hence, 
heat will continue to flow to the wall from the gas, and the 
wall surface temperature will continue to rise until the rate 
of heat conduction into the inner wall material exceeds that 
from the gas to the wall surface. At this time the wall sur- 
face temperature will begin to decrease. 

Fig. 21 shows variation of wall temperature swing with 
cylinder pressure swing and, also, the effect of maximum 
and minimum turbulence on wall temperature swing. If the 
gas temperature variation is assumed identical in all runs 
(identical intake gas temperature and compression ratio), it 
may be deduced that heat transfer coefficients increase with 
increased cylinder gas density and swirl velocity, since wall 
temperature swing increases with these variables. 


Analysis of Data. 


General - The general equation for time variation of en- 
ergy within the control volume (Appendix) may be reduced 
to Fourier's heat equation for a solid by assuming conduction 
to be the only mode of energy transport. The periodic sur- 
face temperature recorded by the thermocouple may be syn- 
thesized by a trigonometric series and the temperature pro- 
file into the cylinder wall may be determined. The surface 
heat transfer may then be obtained by differentiating the 
temperature profile equation with respect to distance and 
taking the limit as the surface is approached. These opera- 
tions are detailed in the Appendix, 
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The procedure followed in determining the heat transfer 
for cycles representative of a given operating condition in 
the motored or fired engine was to pick a cycle that fell on 
the line through the data of Figs. 7-9, and 21 and complete- 
ly analyze the cycle for heat transfer. A further require- 
ment that data for all three thermocouples fall on their res- 
pective lines was used when possible. 

Heat transfer was computed using 144 equally- spaced ordi- 
nates as sampling frequency on these selected temperature rec- 
ords. An IBM 650 Data-Processing machine greatly reduced 
computational effort and allowed analysis of a considerable 
amount of data. 

Cylinder gas pressure-time variation was used along with 
the measured engine air flow and perfect gas equation to 
provide an average gas temperature-time variation during 
the cycle. In the fired engine an assumed exhaust gas tem- 
perature at the end of the exhaust stroke permitted determi- 
nation of the weight of residual gas in the cylinder. A cycle 
analysis, detailed in Ref. (16), determined whether or not 
the assumed temperature was satisfactory. In the motored 
engine with a 7/1 compression ratio, the peak gas temper- 
ature was estimated to be 1215 R from experimental data 
presented in Ref. (18), and the pressure and volume varia- 
tion with time permitted determination of gas temperature 
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Fig. 22—Surface heat transfer at thermocouple 2 versus crank 
angle in an engine motored with air and variable supercharge 
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at each successive piston position during compression and 
expansion, 

Heat Transfer in a Motored Engine - Heat transfer through 
the gas-wall interface as computed from the surface tem- 
perature variation in Fig. 20 is shown in Fig. 22 along with 
heat transfer from a temperature record obtained with the 
engine motored at atmospheric manifold pressure. Fig. 22 
shows that the supercharged engine has both a higher posi- 
tive heat transfer and greater negative heat transfer than that 
in the unsupercharged engine. 

The effect of turbulence on heat transfer in a motored en- 
gine is shown in Fig. 23. The manifold conditions and speed 
are identical for both thermocouple records used to compute 
heat transfer curves shown in Fig. 23. The steady-state val- 
ues show that turbulence is clearly a factor which tends to 
increase heat transfer in a motored engine. 

Heat Transfer in a Fired Engine - Variation of instantan- 
eous surface heat transfer for two supercharge conditions is 
shown as a function of crank angle in Fig. 24 for thermocou- 
ple 1. Peak heat transfer rates are seen to increase with su- 
percharge in the fired engine, but the difference in the two 
conditions is not extreme. 

A portion of surface heat transfer rates computed for tem- 
perature-time records shown in Figs. 14 and 15 are presented 
in Fig. 25, The condition of minimum turbulence does show 
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Fig. 24—Surface heat transfer at thermocouple 1 versus crank 
angle in a fired engine with variable supercharge 
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heat flux rates increasing earlier in the cycle, but the dif- 
ference is not extreme. 

Fig. 21 shows that intake valve orientation has a great 
effect on wall temperature variation in a motored engine for 
a given manifold condition, and the effect is more pronounc- 
ed at high pressure swings. However, the manifold pressure 
required to obtain high swirl velocities is much larger than 
any manifold pressures used in the fired engine (Fig. 6). 
Hence, the small effect of intake valve orientation on wall 
temperature swing, minimum temperature level, and heat 
transfer rates (Fig. 25) in the fired engine may be explained 
in part by the fact that initial swirl velocity variation in the 
fired engine is not as great as in the motored engine. 

The variation of spark advance, which produced the tem - 
perature-time records shown in Fig. 19, is the parameter for 
difference in heat transfer rates shown in Fig. 26. Early 
spark results in a high rate of heat flux early in the cycle, 
while a late spark results in low heat flux rates late in the 
cycle, 

The overall heat transfer is a function of the integral val- 
ue of the rate of heat transfer at all points in the combustion 
chamber. Ref. (19) indicates that with rumble the increas- 
ed rate of combustion (corresponding in some ways to an ear- 
lier spark) increases the heat transfer coefficients enough to 
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Fig. 26—Surface heat transfer at thermocouple 1 versus crank 
angle in a fired engine with variable spark 
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Fig. 27—Surface heat transfer at thermocouple 2 versus crank 
angle in a fired engine 
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cause a significant decrease in work output. Thus a large 
heat flux q anda small area may cause more transfer of a- 
vailable energy than a lower heat flux late in the cycle with 
a larger exposed area. 

Fig. 27 illustrates the general shape of heat transfer vari- 
ation computed with temperature-time variations obtained 
from thermocouple 2, The disturbing thing about Fig. 27 is 
that heat transfer is never negative, i.e., from the wall to 
the gas. This may be explained mathematically by the heat 
transfer equation (Eq. A-4, Appendix), which consists of a 
steady-state part and a fluctuating part. The steady-state 
heat transfer at thermocouple 2 is large, with the engine op- 
erating at maximum turbulence, and the fluctuating com- 
ponent never becomes sufficiently negative to result in neg- 
ative heat transfer. A physical explanation of this condi- 
tion is that gas swirl in the combustion chamber causes gas 
to pass over the hot exhaust valve and then pass in front of 
thermocouple 2. Two-dimensional heat transfer might also 
explain this observation. 

Thermocouple 3 did not exhibit any unusual behavior, and 
it may be seen from Figs. 7-9 that the variation of heat 
transfer would be similar to that at the other thermocouples. 
Thermocouple 3 did exhibit negative heat transfer. 

Heat Transfer Coefficients - Correlation of experimental 
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Fig. 28—Heat transfer coefficients, h, from this study versus h 
from Eichelberg’s study for an engine motored with air 


data for heat transfer from a fluid to a solid under steady- 
state conditions is always expressed with heat transfer coef- 
ficients. These concepts have been applied to unsteady heat 
transfer (Appendix), but new problems arise. 

The procedure used for obtaining heat transfer coeffici- 
ents in an engine consists of measuring the wall surface tem- 
perature, computing surface heat transfer, computing an 
average gas temperature, and applying Newton's Law of 
Cooling. Eichelberg (10) presented data obtained from a 
diesel engine by use of heat transfer coefficients and obtain- 
ed a relationship as follows: 


3 
h=0,0564 ¥v¥, 4PT, (1) 


where _h = instantaneous heat transfer coefficient 


(Btu/ft2hr R) 
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i] 


Vo = mean piston velocity (ft/sec) 


P 


gas pressure (psia) 


Tg = gas temperature (deg Rankine) 

Fig. 28 is a comparison of the heat transfer obtained with 
the motored engine divided by the temperature difference 
between a computed gas temperature and the average wall 
surface temperature and a heat transfer coefficient computed 
by Eichelberg's equation from the measured pressure and 
computed temperature. The experimental computation re- 
sults in infinite values at some places on the compression 
and expansion stroke, while Eichelberg's relationship pre- 
dicts finite values. It should also be noted that the numeri- 
cal values are different. 

Fig. 29 is a comparison of the same quantities in a fired 
engine on the expansion stroke. The data are scattered, but 
no infinite coefficients are obtained. Again the numerical 
values are different. 

Since the concept of a heat transfer coefficient meets the 
most severe test when the gas temperature nearly equals the 
wall temperature, two plots were made showing the behav- 
ior of the surface heat transfer, the difference between gas 
and wall temperature, and the resulting heat transfer coef- 


T 4 T T T 

300;- MAXIMUM ~=TURBULENCE = 4 
FIRED 

EXPANSION 


200}- 
EQUAL VALUES 


Fig. 29—Heat 
transfer 
coefficients, h, 
from this study 
versus h from 
Eichelberg’s study 30 POONA Gane OO 
for a fired engine h FROM EICHELBERG'S STUDIES (BTU/FT? HR.F) 


h FROM PRESENT STUDY (BTU/ FT HR. F) 


i 


fo) 


ficient during this part of a motored and fired cycle. These 
data are presented in Figs. 30 and 31. Both figures show 
that the gas temperature nearly equals the wall temperature 
when the heat transfer is zero. However, the possibility of 
the conditions of zero heat transfer when the gas tempera- 
ture equals the wall temperature in all required locations in 
Figs. 30 and 31 are very remote. The behavior of heat trans- 
fer and gas temperature - wall temperature difference was 
investigated and is summarized in the Appendix. The mod- 
els used in the theoretical analysis are highly idealized but 
infinite values of heat transfer coefficients are predicted in 
one example. 

Correlation of Motored Data - Since heat transfer corre - 
lations couid not be derived from theoretical considerations 
even for motored data, it was decided to use the thermal 
energy equation (Appendix) as a guide for determining sig - 
nificant correlating parameters. A number of assumptions 
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were made (Appendix) in order to obtain a solvable relation- 
ship with the limited data obtained during a test. The end 
result for the case in which degradation of mechanical en- 


ergy into thermal energy due to internal fluid friction is ze- 
ro results in a rather simple correlation: 


Né = Function of (P*, Pe’) (2) 


The symbol Né& is related to the surface heat transfer by the 
relationship 


N& = Lodo/KgTo (3) 


The symbols are defined in the Appendix. Briefly, the 
surface heat transfer at any particular crank angle is a func- 
tion of cylinder pressure at that crank angle and the engine 
operating condition. 

The Péclet number (Pe') in Eq. 2. involves both air den- 
sity in the manifold and average engine speed. Fig. 32 is 
a plot of the functional relationship expressed in Eq. 2 with 
the same Péclet number obtained by varying the engine 
speed and intake manifold density. 

A number of plots similar to Fig. 32 were constructed 
with several different Péclet numbers. The linear approxi- 
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Fig. 30—Gas temperature minus average wall temperature, 
surface heat transfer, and heat transfer coefficients versus 
crank angle in an engine motored with air 
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mation used in Fig. 32 provided good agreement with the 
data in all cases. A summary of the motored data obtained 
with the engine operating at maximum turbulence is pre- 
sented in Fig. 33. A general equation for the Ng - P* plane 
may be expressed as 


NS = Pe’ x 1074 (0. 26 P* - 0.035) + 0.1 P* - 0.02 
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Fig. 32—Dimensionless heat transfer versus dimensionless 
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number from different manifold pressures and rpm 
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Fig, 34 illustrates the effect of turbulence on an N6 - Pe 
plot for a particular Péclet number. This difference may be 
explained in part by the fact that mechanical energy degra- 
dation to thermal energy was neglected. If this term is in- 
cluded, velocity profiles must be known in the gas volume. 


‘This information was unavailable. 


The data correlation shown in Fig. 33 was obtained from 
theoretical considerations and did not present difficulties ex- 
perienced when attempting to use heat transfer coefficients. 

Natural curiosity would demand that Eq. 4 be expressed 
in terms of cylinder gas temperature and density rather than 
cylinder pressure and checked to see if heat transfer qg may 
be expressed as a heat transfer coefficient h and a gas tem- 
perature - wall temperature difference. If this operation is 
performed, the result states that heat transfer is a function 


of gas temperature rather than the difference between the 
gas and wall temperature. Thus it cannot be rearranged to 
be expressed in terms of h. 

Correlation of Fired Data - It has been shown in Fig. 29 
that finite heat transfer coefficients are obtained during the 
expansion stroke of a fired engine, but the correlation with 
Eichelberg's (10) equation for h was not good. Hence, the 
equation for N& as a function of dimensionless cylinder pres - 
sure and Péclet number was tried for a fired engine. The re- 
sults are shown in Fig. 35. It may be seen from Fig. 35 that 
the compression part of the cycle agrees quite well with a 
motored engine during compression, but the expension part 
has much higher Ng for a given P* than in a motored en- 
gine. This may be attributed to the fact that chemical en- 
ergy release occurs in a fired engine. Thus the amount that 
No is higher is undoubtedly a function of air-fuel ratio. 

Since it has been seen that density and the temperature 
difference between the wall and gas affect heat transfer, an 
empirical method of correcting Fig. 35 for the expansion 
stroke presents itself: the density at a particular position on 
the expansion stroke is the same as the density at the same 
crank angle on the compression stroke. Thus the P* at the 
same crank angle on the compression stroke would be used. 
The temperature effect due to chemical energy release may 
be accounted for by multiplying N& on the expansion by a 
ratio of the gas temperature on the compression stroke at 
the same crank angle minus the average wall temperature 
(ATcomp) to the difference between the gas temperature 
and wall temperature on the expansion stroke (A Texp). If 
ATcomp Were Zero at the same time N§ were Zero, this 
correction technique might be satisfactory. However, as 
shown in Figs. 30 and 31, this is not generally true. Thus 
this correction technique is not satisfactory at small values 
of Ng. A plot of this empirical correction is shown in Fig. 
36. The method outlined has not been studied in any de- 
tail to see if other deficiencies are present. 

One interesting observation is characterized by the heat 
transfer coefficients obtained using heat transfer data from 
thermocouple 2 presented in Fig. 27. Variation of h with 
crank angle is shown in Fig. 37. When the exhaust valve 
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opens there is an increase in the heat transfer coefficients. 
These phenomena were observed to increase with pressure 


at the point of blow-down. Hence, it is quite probable that 
the increased heat transter coefticient variation during ex- 


haust is a function of cylinder gas passing over thermocouple 
2 as it enters the exhaust port, Although the same gas tem- 
perature was used to compute h at thermocouples 1 and 3, 
the increasing values of h during exhaust were observed 
only at thermocouple 2. 


CONCLUSIONS 


The purpose of this section has been to measure the sur- 
face temperature variation at three locations in a CFR en- 
gine without deposits and determine the effect of operating 
conditions on wall temperature variation. The data were 
used to determine heat transfer rates through the combustion 
chamber wall surface, and an attempt was made to corre- 
late heat transfer with operating parameters. Several con- 
clusions may be made from the resulting data: 

1. The temperature of the combustion chamber wall sur- 
face varies in minimum temperature level and temperature 
swing with operating conditions and also location in the 
combustion chamber. Orientation of the shrouded intake 
valve affects flame patterns, which in turn affects the rate 
of wall temperature response and the time in the cycle at 
which the wall temperature rise occurs. 

2. The maximum heat transfer rates in unsteady heat 
transfer may differ by as much as a factor of 20 when com- 
pared with the steady-state values, i,e., the amount of heat 
actually reaching the cooling water per unit time. This 
clearly indicates that considerable heat is transferred from 
the gases to the wall during combustion and expansion and 
then transferred back to the gases during intake and compres- 
sion. The steady-state rates vary with location in the com- 
bustion chamber, and this affects the instantaneous heat 
transfer during the cycle. ' 

3. The heat transfer coefficient concept offers many 
problems and the correlation of Eichelberg (Eq. 1) does not 
agree with experimental results found in this study for either 
a fired or motored engine. This may be due to the fact that 
the data used by Eichelberg (10) were obtained in a diesel 
engine with thermocouples located beneath the combustion 
chamber surface, whereas data in this study were obtained 
with a surface thermocouple in a spark-ignition engine. 

4, A theoretical analysis (Appendix) suggests a correla- 
tion for heat transfer in a motored engine, which gave quite 
good results when applied to experimental data. However, 
the correlating equation (Eq. 4) could not be reduced to a 
heat transfer coefficient equation which tends to confirm re- 
servations concerning the use of the concept of h. Also the 
effect of turbulence on heat transfer could not be accounted 
for in a single correlation with the experimental data avail- 
able. This is to be expected since the correlation did not 
involve turbulence as a variable. 
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5. A theoretical analysis including chemical reaction 
could not be completed because of nonlinearities and com- 
plexities of the defining equations. 

6. Although Eichelberg's equation (Eq. 1) does not agree 
with the experimental data of this study, it is a simple ex- 
pression, and it is an attempt to account for three factors 
important to heat transfer in an engine: turbulence, gas den- 
sity, and gas temperature - wall temperature differences. 
The study outlined in this section does not present a more 
satisfactory correlation for heat transfer in a fired engine 
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Fig. 35—Dimensionless heat transfer at thermocouple 1 versus 
dimensionless pressure in a fired engine 
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Fig. 36—Modified dimensionless heat transfer at thermocouple 
1 versus dimensionless pressure in a fired engine 


500 T T T T T i T Sr 
MAXIMUM TURBULENCE 


400 FIRED 
THERMOCOUPLE 2 


EXHAUST VALVE 
OPENS 


°. 
2 Olan 


fo val x0: 
Ng - 


| ! | | | Ie ! 
% 25 50 és) 100 125 150 175 200 225 


CRANK ANGLE, DEGREES 


HEAT TRANSFER COEFFICIENT (BTU/F TCHR. I) 


Fig. 37—Heat transfer coefficient at thermocouple 2 versus 
crank angle in a fired engine 


474 


and our present state of knowledge in this area must be re- 
garded as unsatisfactory. 


Section Il — Test With Deposits 


Combustion chamber deposits have always been a prob- 
lem in spark ignition engines. As early as 1925 an article 
was published by Orelup (20) which summarized the state of 
the problem at that time. Since then considerable time and 
effort have gone into the investigation of deposits and numer- 
ous articles have been published on the subject. The major- 
ity of this work has centered around techniques used to evaluate 
the influence of the deposits formed on engine performance. 
These investigations employ various methods such as meas~ 
urement of engine octane requirement increase (ORI) and 
air consumption (21), preignition counting (22), high speed 
combustion photography (23), and simulated deposits(21, 24). 
It is unfortunate that in this 35 yr period comparatively little 
has been learned about the physical properties of the deposits 
and the part they play in influencing the performance of the 
engine. In part this has been due to a lack of instrumenta- 
tion and techniques which could be used in such studies. 
What little work has been carried on along these lines has 
produced results which are of limited utility because of the 
uncertainty in the relation between the measured quantities 
and the deposit characteristics. 

The surface thermocouple presented an excellent oppor- 
tunity to obtain information about combustion chamber de- 


posits without having much influence on their normal forma- 
tion and behavior. Because of the type of measurements 
made there is a definite relation between the data and the 
thermal properties of the deposits making their evaluation 
possible. 

The work presented in this section represents the initial 
step in the application of the surface thermocouple to the 
study of combustion chamber deposits. Therefore consider- 
ably more work will be required to substantiate some of the 
conclusions. However, it is hoped that this presentation will 
suffice to stimulate interest in the techniques used and sub- 
sequently lead to a better understanding of the problem. 


Instrumentation 


Preliminary tests showed that it was necessary to remove 
the thermocouple from the engine after every run for clean- 
ing and inspection. However, the thermocouple lead wires 
are delicate and it was found impractical to do this with the 
normal method of installation. For this reason a special 
thermocouple plug was designed to eliminate the installation 
problem without complicating the heat flow. 

The plug was made of cast iron equal in thickness to the 
combustion chamber wall and threaded with a 1/8 in, taper- 
ed pipe thread. The plug was drilled and tapped in the cen- 
ter for the 2-56 thread of the thermocouple. The water 
jacket side of the plug has four milled holes to accommodate 
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Fig. 383—Thermocouple plug assembly 


an installation tool. The complete assembly of the thermo- 
couple plug unit is shown in Fig. 38, where it can be seen 
that the thermocouple is flush mounted in the plug. It was 
necessary to match each new plug to the tapped hole in the 
cylinder to insure a tight fit when the plug was flush with the 
combustion chamber surface. If this was not carefully carri- 
ed out, water and/or gas could get into the threads and dis- 
tort the heat transfer picture. This technique permitted easy 
installation and removal of the thermocouple without break- 
age of the lead wires or disturbance of the deposits covering 
the thermocouple. | 

For these studies thermocouple 3 was not used. In addi- 
tion, pressure-time data were not recorded although pres- 
sure-time oscillograms were visually observed. 


Test Procedure 


Since the influence of the first layers of deposit formed 
during the early portion of each test was so significant, a spe- 
cial starting technique was adopted to control the operating 
conditions during this period. The technique involved the 
following steps: 

1, The engine was motored at 1000 rpm with the intake 
manifold heater on and nq fuel flowing. This was continued 
until the coolant temperature and intake air temperature 
reached constant values. 

2. The fuel pump was actuated and the ignition switch 
turned on with the throttle wide open. The time of the first 
firing was recorded as the beginning of the run. 

3. Initial data were recorded as soon as the intake mix- 
ture temperature, coolant temperature, and cylinder wall 
temperatures reached a constant value. 

4. The engine was put on the automatic cycle control. 

In tests where lubricating oil consumption is a factor, this 
procedure may need amending. However, for the tests con- 
ducted in this work it was quite satisfactory. 

After each run was completed, the thermocouple plug 
units were removed from the engine and the combustion 
chamber scrubbed with a nylon brush saturated with acetone. 
It was found impossible to remove all of the deposit from the 
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Table 2 - Comparison of Typical Deposit-Accumulation Cycles 


Cycle Used in this Study Cycle A Cycle B 

Idle WOT Idle WOT Idle WOT 
Cycle 
Duration 120 sec 120 sec 50 sec 150 sec 50 sec 150 sec 
Engine 
Speed 800 rpm 1000 rpm 900 rpm 900 rpm 600 rpm 900 rpm 
Air -Fuel 
Ratio 9-10/1 13, 5/1 12. 6/1 13.4/1 11,5/1 13/1 
Spark 
Timing 5 btde 5 btde tde tde tde 
Compression 
Ratio 9/1 9/1 8/1 8/1 TW1 WA. 
Jacket 
Temperature Boiling 155 F 155 F 150 F 150 F 
Mixture 
Temperature 140 F 110 F 120 F ae 112 F 
Oil 
Temperature Not controlled 160 F 160 F 160 F 160 F 


combustion chamber in this way because the configuration 
of the chamber made some regions inaccessible from the out- 
side. However, all the deposit was removed from the area 
surrounding the two thermocouple locations and as much as 
possible was removed from the rest of the chamber. 

The fuel system was flushed with the fuel to be used in 
the next test and then left empty. 

A comparison of the cycle employed in this work with two 
cycles used by other investigators is given in Table 2. Bas- 
ically it consists of 2 minutes of rich idle and 2 minutes of 
wide-open-throttle operation (WOT). The idle speed was 
as low as possible without causing firing difficulties. 

The mixture temperature was controlled with a 1000-watt 
intake manifold heater. The temperature of the WOT con- 
dition was held at 110 F. At idle this setting gave a tem- 
perature of about 140 F because of the reduced air flow. The 
humidity of the intake air was held constant at 27-32 grains 
per 1b of dry air by the use of an ice tower. The lubricating 
oil temperature was not controlled since a synthetic lubri- 
cating oil (Plexol) was used and it was believed that it did 
not contribute appreciately to deposit formation. 

The data were recorded at varying time intervals during 


Ps 


the run. The intervals were short, about 15 minutes, at the 
beginning of the run and at times when comparatively rapid 
changes were observed. These intervals were lengthened to 
one hr when the changes were less rapid. The data were re- 
corded during the WOT portion of the cycle. Unfortunately, 
it was impossible to record all the required data in the nor- 
mal 2-minute period of WOT operation so this period had to 
be extended to approximately 5 minutes. 


A run was considered complete when no significant 
changes with time were observed in the data. At this time 
the final data were recorded and the engine shut down. The 
thermocouple plug units were removed from the engine as 
soon as possible for observation. 


Three complex hydrocarbon fuels were tested (Table 3). 
These fuels, alkylate, base, and aromatic, are primarily 
composed of paraffins, olefins, and aromatics, respectively. 
Three ml/gal of TEL was added to the base and aromatic 
fuels. In addition, in some tests the base and aromatic fuels 
contained a considerable amount of tri cresyl phosphate 
(0.45 theory). These fuels were blended and stored in 55 
gal drums to ensure uniformity throughout the test. 
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Table 3 - Description 


of Complex Hydrocarbons 


Light 80/20 80/20 
Alkylate FCC/Alkylate Reformate/ Straight Run 
Reference Alkylate Base Aromatic 
Name 
Deg API Gravity 70.4 60.7 48.4 
Reid Vapor 4.6 psi 7.0 psi 6.5 psi 
Pressure 
Boiling Range 
IBP 110 F TTOF 1108 
EE 340 F 413 F 402 F 
TEL Added None 2.95 ml/gal. 3.00 ml/gal. 
TCP Added None None None 
& & 
0.45 Theory 0.45 Theory 
Table 4 - Description of Pure Hydrocarbons 
Family Boiling °API Vapor 
Classification Point Gravity Pressure 
Iso -octane Paraffin 210.6 F LS 0.8 psi 
Dio -iso -butylene Olefin 215.0 F 65. 0 1.55 psi 
Benzene Aromatic 17632F 28.5 1.53 psi 
Toluene Aromatic Coys Se 30.9 0.5 psi 
Xylenes Aromatic 282.0 F S17 0.13 psi 


Table 4 shows the characteristics of the pure hydrocarbons 
studied. 


Results 


The raw data obtained were in all cases oscillograms sim- 
ilar to Fig. 3. Inasmuch as the raw data are voluminous, it 
is impractical to present it here. Instead, selected obser- 
vations and analysis of the raw data will be presented. 

Two methods of approach were used in the data analysis: 
empirical and analytical. Bothmethods are described below. 

Empirical Analysis - Several changes were observed in 
the temperature-time diagrams which could be directly at- 
tributed to the formation of deposit over the junction. A 
typical clean and dirty thermocouple trace are compared in 
Fig. 39, The significant changes are marked and are dis- 
cussed in detail below: 

1. Slope. At the time the flame front passes the ther- 


mocouple junction, the temperature of the gas changes a- 
bruptly from that of the unburned gas to that of the burned 
gas. This abrupt change in temperatures causes a corres- 
pondingly abrupt change in temperature at the gas:wall in- 
terface. The temperature rise of the clean junction is found 
to be extremely rapid, while that of the covered junction is 
much less. This shows the influence of the thermal proper- 
ties of the deposit in distorting the temperature fluctuation 
before it reaches the thermocouple junction. The tangent 
of the angle which this portion of the temperature-time dia- 
gram makes with the horizontal reference line is used to de- 
scribe this deposit influence and is called the "Slope”. 

2. Maximum-Minimum Cycle Temperatures. During 
each cycle, the thermocouple junction temperature passes 
through a maximum and minimum value. On a clean ther- 
mocouple, the maximum occurs shortly after the flame front 
passes the junction while the minimum occurs during the in- 
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Fig. 40—Alkylate reproducibility runs 


take stroke when the relatively cold fresh charge is coming 
in. The formation of deposit over the junction tends to re- 
duce the absolute value of the temperature measured, be- 
cause of the heat transter through the wall, and to reduce 
the amplitude of the temperature variation between the max- 
imum and minimum values. 

3. Time-Averaged Temperature, Ag. This symbol is 
defined precisely in the Appendix. As its name indicates, it 
is a time-average value of the temperature over one cycle. 

4. Phase Shift. The influence of the deposit on the ther- 
mocouple temperature can also be described by the displace- 
ment ot the point ot intersection of the temperature-time 
trace and the time-averaged temperature A,. This quan- 
tity will be used in the unsteady-state analysis discussed lat- 
er in this work. For lack of a better name, it is referred to 
as the Phase Shift. 


Complex Fuels 


The first tests were run with the alkylate tuel. The re- 
sults of three runs are plotted in Fig. 40 using the slope as 
the variable. The two initial runs were made to check the 
reproducibility of the data. These two runs were arbitrarily 
discontinued after 8 hr of running. After plotting the data, 
it was obvious that an equilibrium condition had not been 
reached and a longer period of running was required. Con- 
sequently another run was made which continued for 20 hr. 
The engine was then shut down but the deposits were not dis- 
turbed. The next day the engine was started again and the 
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Fig. 41—Leaded base fuel with and without phosphorous added 
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Fig. 42—Comparison of leaded base fuel runs using data 
from thermocouple 1 


test continued. As can be seen, the early data were repeat- 
able. While the discontinuities which occurred came only 
after the engine had been stopped and allowed to cool down, 
it is not clear whether the discontinuities were a result of 
shutting the engine down or of the increased running time. 

The second series of tests were conducted with the leaded 
base fuel with and without tri cresyl phosphate. Fig. 41 is 
a plot of the slope and maximum-minimum cycle temper- 
atures recorded with thermocouple 2. When the base fuel 
without tri cresyl phosphate was used, several discontinuities 
appeared in the data at regular intervals during the run. Both 
the slope and maximum-minimum cycle temperatures in- 
dicated that something was happening either to the thickness 
or the character of the deposits. When the leaded base fuel 
with tri cresyl phosphate was run, the data for the early part 
of the run was identical with that for the base without tri 
cresyl phosphate but no discontinuities were observed and the 
deposit appeared to have reached equilibrium in 4hr. How- 
ever, observation was continued for 5 additional hr and still 
no change was detected. 

Further runs with the tri cresyl phosphate added to the 
leaded base fuel showed no discontinuities, Additional runs 
Without the tri cresyl phosphate added are shown plotted, with 
slope as the variable, in Figs. 42 and 43, for thermocouple 
1 and 2 respectively. It is apparent that the discontinuities 
were always observed, although the frequency varied from 
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Fig. 43—Comparison of leaded base fuel runs using data 
from thermocouple 2 
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run torun, There was, however, a rough relation between 
the frequency at the two thermocouple locations: the fre- 
quency at the number two location was approximately twice 
that of the number one location for each run. 

A third series of runs were made with the aromatic fuel 
with and without tri cresyl phosphate. In general, the same 
comparative results were found. Its addition to the fuel e- 
liminated the discontinuities from the data (Fig. 44). The 
one big difference is the appearance of the discontinuities 
at irregular intervals. 

An additional observation was that both fuels, when run 
Without the tcp added, exhibited a considerable amount of 
knock during the WOT portion of the cycle. The intensity 
of the knock was associated with the discontinuities in the 
data, At the beginning of a run or immediately after a dis- 
continuity appeared the intensity and frequency of the knock 
was low, but they would increase until the appearance of 
another discontinuity. 

One obvious explanation for the cause of the discontinui- 
ties would be that the deposits break away from the thermo- 
couple. It would follow that the effect of tri cresyl phos- 
phate was to prevent breaking off of the deposits. 

Another explanation for the influence of the tri cresyl 
phosphate in these tests is the effect it has on the ignition 
temperature of the deposit formed. Table 5, taken fromRef. 
(25), shows the results of studies of the influence of various 
lead compounds on the ignition temperature of carbon. The 
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a 
Table 5 - Ignition Temperature of Lead 
Compound-Carbon Mixtures 


(Lead compound concentration 0,2 mole % based on Pb) 


Lead Compound Ignition 
Added to Concentration Temp., 
Carbon Wt. % F, 
(None Sc 1030 
Acetate 5. 95 510 
Iodide 7.14 570 
Basic chloride 4.15 605 
Basic bromide 4, 82 650 
Peroxide 3. 82 660 
Bromide 5. 76 685 
Monoxide 3.58 695 
Chloride 4,42 715 
Fluoride 3.96 725 
Carbonate 4, 26 730 
Basic carbonate 4.18 740 
Basic sulfate 4.19 765 
Borate 4,93 795 
Formate 4.73 800 
Nitrate Suze 820 
Arsenate 5.46 895 
Sulfide 3. 83 935 
Chromate 5.10 960 
Sulfate 4. 80 960 
Pyrophosphate 4.81 1030 
Orthophosphate 4.31 1030 


lead compounds normally found in combustion chamber de- 
posits, lead chloride, lead bromide, and basic lead sulfate, 
all reduce the ignition temperature of carbon significantly. 
The compound formed by the addition of tri cresyl phos- 
phate, i.e., lead ortho-phosphate, has no influence on the 
ignition temperature of carbon. The discontinuities could, 
therefore, be attributed either to the burning away of the 
outer layers of deposit or to the burning away of the carbon 
in these layers thus increasing the thermal conductivity of 
the deposits. Combustion of the deposit could take place 
when lead compounds which lower the ignition temperature 
are present, 

Both of these explanations can account for the severe 
knock encountered. In the first case the pieces of deposit 
could be large enough to remain in the chamber and serve 
as sources of ignition and in the second the burning deposits 
on the wall would serve the same purpose. 

Fig. 45 presents a comparison of the effect of these three 
complex fuels on the slope. This comparison shows that the 
aromatic deposit affects the thermocouple readings more in 
the same period of operation than the olefin deposits. Both 
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Fig. 45—Comparison between complex fuels 
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Fig. 46—Comparison between pure fuels 


yi0O- OCTANE =o) 


° 
° 
ie EAR mews cA: 
A-BENZENE 
Aad: = ben oh tench 


TOLUENE ~ * 


ekg 


re 
oe —_—— Ox Bn. ea 
250 0 =e a SE XYLENE-# 


MAX= MIN. CYCLE TEMPERATURES -°F 


4 n 
fo) | 2 3 4 5 6 7 
RUNNING TIME - HOURS 


Fig. 47—Pure fuel temperature comparison at thermocouple 1 


of these have a much greater effect than the paraffin 
deposits. 

In the figures previously shown deposit equilibrium was 
reached, from a heat transfer standpoint at least, in times 
that are short in comparison with equilibrium from ORI stand- 
point (21). This may result from the fact that ORI repre- 
sents an integrated effect over the entire cylinder while the 
data shown here are for one point in the cylinder. It is also 
interesting to note that deposit-induced ignition seems to 
reach equilibrium in times comparable with those shown in 
this paper (22). It is also possible that the equilibrium val- 
ues in this paper are not truly equilibrium values, but merely 
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Fig. 48—Pure fuel temperature comparison at thermocouple 2 


conditions where the rate-of-change is imperceptible (see 
later discussion on limitations). 


Pure Fuels 


The pure fuel studies were conducted with two different 
objectives in mind; 

1. The general effect of the hydrocarbon structure. 

2. The effect of boiling -point variation with the same 
basic structure. 

The results for the three different fuel structures are shown 
in Fig. 46 with the toluene being considered representative 
of all the aromatic investigated. The results are identical 
with those found with the complex fuels; the effect of the 
toluene deposits is the largest with the olefin and paraffin 
deposits following in decreasing order. The reason for the 
large amount of scatter above a slope of 25 F/millisecond 
is the reading accuracy. Since this is a measurement of the 
tangent of an angle, the reading accuracy becomes quite 
critical for angles greater than 80 deg. Visual comparisons 
and angle measurement show that the variation for the iso- 
octane was within +/- 1 deg for consecutive data points. 
However, this represents a slope variation of 15-20 F/ 
millisecond, 

The maximum-minimum cycle temperatures are used to 
compare fuel structure data in Figs. 47 and 48. Here it is 
found that the olefin fuel, DIB, does not have an effect in- 
termediate between the paraffin and the aromatic but rather 
has less effect than either of the others at both thermocouple 
locations, A typical temperature-time record for DIB is 
shown in Fig. 49 where it can be seen that the temperature 
shows its usual abrupt rise, but then it rises rather slowly to 
its maximum value (compare with Fig. 3). It should be 
noted from Figs. 47 and 48 that although the numerical val- 
ues are different between the two thermocouples, the same 
trends are shown. 

Figs. 47 and 48 also present data on maximum-minimum 
temperatures for the three different boiling -point aromatics 
studied. The data show that the higher the boiling point the 
lower the maximum-minimum cycle temperatures. When 
corresponding data are plotted with the slope as the variable, 
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Figs. 50 and 51, the same conclusion is reached, i.e., the 
higher the boiling point the greater the influence. The only 
significant difference here is that for three aromatics the 
slope appears to have reached a terminal value which is 
roughly equivalent at both of the thermocouples. This in- 
dicates a limiting deposit formation of constant thickness 
and thermal properties has been reached. As will be shown 
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Fig. 49—Typical oscillogram for DIB 
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Fig. 50—Comparison of three pure aromatics at thermocouple 1 
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Fig. 51—Comparison of three pure aromatics at thermocouple 2 
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later, this would seem to indicate a limiting value of s/¥o 
(see later discussion on limitations). 


Mixtures of Pure Fuels 


Weiss (26) has studied the effect of mixtures of pure fuels 
on the empirical parameters of slope and maximum-mini- 
mum temperatures. Two different types of mixtures were 
considered: (1) a mixture of two "dirty" fuels and (2) a mix- 
ture of a "dirty" and “clean” fuel. 

Figs. 52 and 53, which were taken from Ref. (26), con- 
sider toluene and xylene as representative of the "dirty" fuels. 
Probably the most important implication of the data is that 
a mixture of two “dirty” fuels does not produce a "clean" 
fuel. 

Figs. 54 and 55, again from Ref. (26), consider xylene 
as the “dirty” fuel and iso-octane as the "clean" fuel. It 
is apparent in these figures that a small amount of a “dirty” 
fuel has a deleterious effect when mixed with a "clean"fuel. 

Theoretical Analysis - The basic heat transfer problem 
involved here is that of heat flow through a composite ma- 


3201 
% TOLUENE % XYLENE 
3!1OF 
nf Vv 100 O 
x 
meant oe 0) 100 


4 ~ 4 67 33 
29 a : 33 67 


MAX.-MIN. CYCLE TEMPERATURES-F 


RUNNING TIME - HOURS 


Fig. 52—Temperature comparison of toluene-xylene mixtures 
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terial, By making some simplifying assumptions, it becomes 
possible to analyze the problem from both the steady-state 
and unsteady-state point of view. The following is a de- 
scription of the analysis and the results which were obtained 
by applying it to the observed data. 

Steady-State - The problem is shown in diagramatic form 
in Fig. 56. The same net heat flow must pass through both 
the deposits and the wall. The temperature on each side of 
the combustion chamber wall are measured and the thermal 
properties of the wall are known. By making a few simpli- 
fying assumptions, the net heat flow from combustion gases 
to the cooling water can be computed. These assumptions 
are: 

1. The heat flow is one dimensional and perpendicular 
to the wall. 

2. The wall is homogeneous and has constant thermal 
properties throughout. 


3, The thermal conductivity of the wall is independent 
of temperature. This leads directly to the expression for the 
net heat flow (see Appendix for definition of symbols not de- 
fined here): 


(Agw ~ Aoj) Kw 
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Fig. 54—Temperature comparison of iso-octane-xylene mixtures 
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Fig. 55—Slope comparison of iso-octane-xylene mixtures 
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where dss = Steady-state heat flow Btu/hr-ft? 


These values can be readily determined from the data so 
that the net heat flow can be computed and plotted asa 
function of running time. This information is presented in 
Figs. 57 and 58 as computed from data observed at thermo- 
couples 1 and 2, respectively. The initial values at zero 
running time correspond quite well for all the fuels tested. 
The influence on the heat transfer follows the trend as de- 
duced from the earlier discussions. The deposit formed by 
the paraffin fuel has little influence on the net heat flow 
while the aromatic deposits have considered effect, actually 
reducing the heat flow at this point in the cylinder by some 


GAS FILM | DEPOSITS WATER 
Aog ' 


Aoj 


x ISO-OCTANE 
° BASE 
4 BASE+ PHOS. 
ae 4 TOLUENE 4 
Zee eer x __X @ XYLENE 
x x x 
Oo 
TSG Sy O.-9. 0:5. 2-2: oe 4 
SNe eB Sac eS 


40 


{e} 2 4 6 8 10 12 
RUNNING TIME - HOURS 


Fig. 57—-Steady-state heat transfer at thermocouple 1 
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Fig. 58—Steady-state heat transfer at thermocouple 2 
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40-50%. The olefin deposits again have an intermediate ef- 
fect. It is quite obvious that the initial deposit formed over 
the surface causes the most significant reduction in net heat 
transfer. 

Fig. 59 presents data from Ref. (27) where the heat trans- 
fer to the cooling water was measured under deposit -form- 
ing conditions using a heat collector, i.e., a water-cooled 
probe extended into the combustion chamber. The trend 
shown is similar to that in Figs. 57 and 58, | However, Fig. 
60 presents data from Ref. (21), again taken under deposit- 
forming conditions. In this case, the heat transfer was, de- 
termined by a heat balance on the engine cooling water and 
represents the integrated effect over the entire cylinder. The 
trends are obviously different. The two trends are not in- 
consistent if deposits were formed initially over the thermo- 
couple (or probe) and later spread to the rest of the combus- 
tion chamber. In this connection, it should be noted that 
the thermocoupleswere deliberately located in what are 
probably cooler locations in an attempt to satisfy the con- 
dition of one-dimensional heat transfer and that the heat 
collector probably is at low temperature because of its de- 
sign. 

More information may be obtained by making the fol- 
lowing additional assumptions: 

4, Time-averaged gas temperature remains constant with 
and without deposit, 

5. Time-averaged thermal resistance of the gas film (hg) 
remains constant with and without deposit. 

6. The deposit is homogeneous and has constant thermal 
properties throughout. 

7. The thermal conductivity of the deposit is independ- 
ent of the temperature. 

8. There is no constant resistance between the deposit 
and the wall. The general expression for the net heat flow 
through the wall can now be written as: 


a fawn 1 2 
kg kw ho 
Without deposits, the thermal resistance of the deposit, s/kg, 
is zero and the equation reduces to: 


ss = el (7) 
kw hy 
At this point, it is necessary to assume either a value of 
Aog oF ho. A value was assumed for Aog for three reasons: 
1. The results were found to be relatively insensitive to 
changes in this value. 
2. If the same value is used throughout, all the results 
can be compared on a relative basis. 
3, Estimations of Agg were available in the literature. 
Eq. (7) was then rearranged and the value ot No com- 
puted, For the value of Aog used, 1200 F, the value of the 
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film coefficient was reasonable (around 100 Btu/ft*-hr-F) 
and compared favorably with the mean value determined in 
the clean engine work (16). 

Since the net heat flow can be computed at any time dur- 
ing the run from Eq. 5 and dgg is thus known, Eq. 6 now can 
be rearranged and solved for the deposit resistance. Once 
these values are known, the time-averaged deposit surface 
temperature, Agg, can be computed by applying the sim- 
ple heat transfer equation to the deposit: 


Kq 
ae (Agog ~ Aow) (8) 


The time-averaged deposit surface temperatures Were 
computed in this way for the three pure aromatic fuels with 
the results as shown in Fig. 61. These curves seem to in- 
dicate a limiting surface temperature value which is differ - 
ent for each fuel. When studying Figs. 50 and 51, there 
were indications that the equilibrium value of s/Y¥Q@ was 
different for the three aromatic fuels. As will be shown lat- 
er, the data of Fig. 61 would indicate that the equilibrium 
values, of s/kgq were different for the aromatic fuels. 

Further examination of this analysis shows that for the as- 
sumptions made all the computations are based on two meas- 
ured values, i.e., the mean temperature of the deposit-wall 
interface, Apw, and the mean temperature of the wall on 
the water-jacket side, Aoj. Since the temperature on the 
water -jacket side of the wall was found to be essentially con- 
stant the only variable is Agw. This means that a consider- 
able amount of information can be obtained from an exam- 
ination of trends shown in the maximum-minimum cycle 
temperature plots. 
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Fig. 60—Steady-state heat transfer from cooling water 
energy balance 


UNSTEADY HEAT TRANSFER IN ENGINES 


800 
q 
ive 
«©* 700 
= 1 
Nw 
E = 600/, 
E Si ie 
pie re O ISO-OCTANE + XYLENE 
fi gj 900K / 4 BASE 
es / o BENZENE 
Zz 400 o TOLUENE 
Ww x XYLENE 
2 3 +} me 
2 4 6 8 


RUNNING TIME HOURS 


Fig. 61—Calculated mean deposit surface temperatures 


Unsteady State - The unsteady-state conditions can 
be idealized as shown in Fig. 62. As is shown in the Ap- 
pendix, an expression is derived in the Appendix for the 
temperature variation on the deposit surface in terms of the 
deposit properties and the measured temperature variation 
at the deposit-wall interface with the aid of some simplify- 
ing assumptions. There are three unknowns involved in Eq. 
A-5, kg, pe ands. It is therefore necessary to evaluate 
these quantities before the computations can be made. 

At the end of each test, the engine was shut down im- 
mediately after the last data were recorded and as soon as 
temperatures would allow, the thermocouple plug was re- 
moved. The plug was first examined visually and then a 
high magnification microscope was used to determine the 
mean thickness of the deposit by focusing first on the plug 
surface and then on the deposit surface and determining the 
travel of the microscope barrel. Typical deposit thicknesses 
measured at the two locations are given in Table 6, Using 
the steady-state theory, it is possible to calculate the ther- 
mal conductivity, kg, once the thickness s is known. 


This leaves only the heat capacity, pc, of the deposit 
unknown. At present, no experimental means of determin- 
ing this value is known. The solution was therefore carried 
out by varying the value of the heat capacity, pc, and ex- 
amining the temperature-time curves which resulted. 

Two criteria were used to determine when a reasonable 
solution was obtained. These were: 

1. The computed temperature-time curve must pass 
through its mean temperature at the same crank angle that 
the clean curve passed through its mean temperature. 

2. The rate of temperature rise on the surface of the de- 
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Fig. 62—Diagram of unsteady-state heat transfer problem 
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posit must be equal to or slightly greater than that on the 
clean surface. 

The first criterion isbased on the phase shift previously de- 
fined in Fig. 39. If it is assumed that the accumulation of 
deposit in the cylinder has little effect on the flame front or 
flame speed, this simply says ‘that the deposit caused a phase 
shift in the temperature-time curve, the magnitude of which 
could be determined from a comparison of the point of in- 
tersection of the time-averaged temperatures of the clean 
and dirty thermocouple with the respective clean and dirty 
*omperature-time curves. For the same reasons, the rate of 

smperature rise on the deposit sufface would be expected 
to be similar to but greater than that on the clean surface 
because of the difference in thermal properties of the wall 
and the deposit. For example, if the deposit had a very low 
thermal conductivity and heat capacity relative to that of 
the wall it would be expected that the temperature of the 
deposit surface would more closely follow the temperature 
of the gas. In the limit, if the thermal conductivity and 


Table 6 - Typical Deposit Thickness Values 


Number Two 
_ Location (In. ) 


Number One 
Location (In. ) 


0.0031 0. 0034 
0.0054 0. 0066 
0. 0025 0, 0050 
0, 0032 0.0054 
0. 0030 0, 0027 
0, 0005 0. 0020 
0.0034 peritt 00,0028 
0.0018 0.0017 
0.0017 0. 0030 
0.0016 0. 0029 


heat capacity of the deposit were zero, the deposit surface 
temperature would be expected to follow the gas tempera- 
ture exactly. 

Fig. 63 shows the results of one of these calculations using 
data from the base fuel without tri cresyl phosphate added. 
Comparison is made between the experimental temperature- 
time curve for the clean and the dirty conditions and the 
computed curve for the deposit surface corresponding to the 
dirty condition. The heat capacity, pc, was assigned as 
initial value of unity, which was at first considered low, but 
which was to be increased until the two criteria were satis- 
fied. When the measured thickness and the value of the 
thermal conductivity, computed from the steady-state val- 
ues, were used with this value ot unity both criteria were 
satisfied. To be sure that this was the most reasonable solu- 
tion, the value of the heat capacity was increased; however, 
all other values led to oscillations in the computed temper- 
ature-time curves which seemed too large to be reasonable. 
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Earlier in the development of the unsteady-state theory 
an assumed temperature-time curve was theoretically im- 
posed on the surface of an assumed deposit and the temper- 
ature-time curves at the deposit-wall interface were com- 


puted for various deposit properties and thickness, It was. 


found that these computéd curves were very similar to the 
curves experimentally determined with the thermocouple. 
One of these computed curves was then used as if it had been 
determined experimentally to investigate the effects of us- 
ing different values of the deposit properties and thickness 
in the computations, Fig. 64 shows the results of these lat- 
er calculations: As can be seen, when the value of the heat 
capacity, pc, was made large, the solution contained large 
temperature oscillations. For this reason, whenever unreas- 
onably large oscillations were found in the computed tem- 
perature-time curves it was concluded that the value of the 
variable being studied was larger than reasonable, It should 
be clear from a study of Fig. 3 that oscillations can be ex- 
pected at the gas-deposit interface and thus considerable 
judgment is involved in the decision as to when the oscilla - 
tions are unreasonably large. 

in order to examine the effect of ditterent deposit char- 
acteristics on the deposit surface temperatures, a second set 
of calculations was made using data obtained from an un- 
leaded fuel. The results of these computations are shown 
in Fig. 65. Unfortunately, the first criterion could not be 
satisfied in this set of calculations for two reasons: 

1. There was a great deal of variation in the time that 
the flame front reached the thermocouple. 

2. The point at which the mean temperature intersected 
the computed temperature-time curve occurred very early 
in the cycle. 

The reason for the variation in time of arrival of the 
flame. front at the thermocouple could be either poor igni- 
tion or variation in the flame speed. No effort was made to 
determine what caused the irreproducibility since these com- 
putations were carried out some time after the actual run was 
made. However. the results did satisfv the second require- 
ment and, as would be expected, the lower thermal conduc - 
tivity of this deposit caused a much higher deposit surface 
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Fig. 63—Computed deposited surface temperatures for a 
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temperature. Here again an increase in the heat capacity, 
pc, above unity caused large temperature oscillations and 


the value unity was considered correct. The lower value of 
the thermal conductivity, kg, for the unleaded fuel seems 
reasonable although the same value of pc between the lead- 


.ed and unleaded fuel does not. 


The fact that the first criterion could not be satisfied was 
not too discouraging. Applying phase shift to any complex 
wave is difficult. Although the application of this type of 
thinking to a single wave is fairly straight forward, the com- 
bination of several waves to form a complex wave does not 
allow for a simple addition of the phase shifts. 

Table 7 compares values of thermal conductivities of de- 
posits formed by leaded and unleaded fuels given in Ref. (28) 
with those used in these computations. Obviously there is a 
marked difference. Unfortunately there was no explanations 
of how the values in Ref. (28) were obtained. This is a very 
significant factor and the fact that the values obtained in 
this work were determined with the deposit in place in an 
operating engine should not be overlooked. 

The instantaneous heat transfer at the solid-gas interface 
was computed for a clean and dirty run made with leaded 
base fuel. Eq. A-4 of the Appendix was used for the clean 
wall calculations and Eq. A-6 for those with deposit. The 
results are compared in Fig. 66, where the instantaneous heat 
transfer is plotted as a function of crank angle. 

The accumulation of deposit.is shown to have reduced the 
steady-state heat flow by 13% while it decreased the peak 
instantaneous value by 72%. Since the heat transfer is al- 
ways positive, the flow is always in one direction: from gas 
to solid. This is not what would be expected since the solid 
temperature is at least 200 F hotter than the fresh charge en- 
tering the engine. However, this condition was also found 
in the clean engine investigations, (Fig. 27), and probably 
indicates that the charge has been heated appreciably be- 
fore reaching this location in the cylinder. 

One significant feature of these curves is that they are 
quite similar except for the region near tdc. One would ex- 
pect that the heat transferred in and out would be quite dif- 
ferent since the thermal properties are significantly different 


CORRECT CONDITIONS 


K=O) 
600 Po=4.0 
u T=0.0003 
w _ T=0.00035 
x 
=) 
- Se 
bss SS 
W 500 See"! 
2 "> =10.00025 
Saas 4. 


= 


0 30 180 270 360 450 540 630 720 
CHANK ANGLE DEGREES 


Fig. 64—Influence of varying thermal properties on computed 
temperature curves 
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for the two surfaces. This leads one to wonder what is re- 
quired of the deposit for it to have a significant influence on 
engine operation. One obvious requirement is the ability to 
absorb and reject large quantities of heat. This requires rel- 
atively high values of thermal conductivity and heat capac- 
ity as well as a sufficient temperature difference between the 
gases and the deposit surface to cause heat to be transferred. 
If the conductivity is low the heat capacity is not important 
since large quantities of heat can not penetrate into the ma- 
terial anyway. However, if the conductivity is high, a high 
heat capacity is also necessary to be able to store up theheat 
which will later be released to the cool fresh charge. 


The wall also has a high heat capacity and thermal con- 
ductivity. Therefore, the heat will not remain in the de- 
posit but will leak out the other side to the cooling water via 
the wall. In order to reduce this leakage it appears that a 
thermal insulating barrier must exist either between the de- 
posit and the wall or in the deposit next to the wall. There 
are two possible ways this could occur: 


1. The contact resistance between the wall and deposit 
could contribute materially as a thermal insulator. 


2. It has been shown (29) that the composition of the de- 
posit changes with thickness and time, in such a way that 
the amount of carbon present is substantially reduced in the 
latter layers to form, while the amount of lead present in- 
creases. Because the carbon has a relatively low thermal 
conductivity as compared with the lead the required type of 
composite thermal properties would result. 


It should be noted then that a nonleaded fuel would prob- 
ably find it difficult, but not impossible, to form the re- 
quired type of deposit, i.e. , a deposit with nonuniform prop- 
erties, while a leaded fuel whose deposits had the ability to 
"burn out" the carbon in the layer next to the gases and leave 
predominantly lead compounds of high heat capacity in this 
layer would readily form deposits harmful from the heat 
transfer standpoint. Thus one might logically conclude that 
the discontinuities found in the leaded fuel data (Figs. 41 and 
44) were the result of the "burning out" of the carbon. 
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Limitations 


The surface thermocouple is basically a temperature 
measuring device and, therefore, it is influenced by the de- 
posit properties which alter the heat flow ro and from the 
junction. Both steady-state and unsteady-state quantities 
are present and both contribute to the temperature measured 
with the thermocouple. However, each is influenced by a 
different grouping of the deposit properties. The steady-state 
or time average temperature at the wall surface is influenced 
by the total thermal resistance of the deposit which is equiv- 
alent to the ratio of the deposit thickness to its thermal con- 
ductivity, i.e., s/kg. The unsteady-state temperature is 
dependent on the deposit properties which govern the pene- 
tration of surface temperature variations into the material. 
These properties appear as the ratio of deposit thickness to 
the square root of the thermal diffusivity, i.e., s/Y¥a = 


S | a . Unfortunately, both of these groups have the 


greatest influence on the measured temperatures when they 
are comparatively small. As they become progressively larg - 
er the sensitivity of the measured values to changes in either 
ratio becomes much smaller. As the deposits build up over 
the junction a condition can be ultimately reached where it 
becomes impossible to distinguish between significantly dif- 
ferent types of deposit. This dictates that all comparisons 
should be made while the measured values are representa - 
tive of a given set of deposit properties. This can only be 


Table 7 - Comparison of Thermal Conductivities of 
Deposit of Leaded and Unieaded Fuels 
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Fig. 66—Computed instantaneous heat transfer at gas-solid 
interface 
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accomplished at low values of the ratios, which occur early 
in the runs when the deposit thickness, s, is comparatively 
small, 

In general the trends which are predicted from the theory 
are shown to exist in the data. All measured values change 
significantly early in the runs and then are found to level off. 
If deposit continues to build up, a change will occur in the 
temperature, but it may be too small to be perceptible in 
the recorded data. 


Conclusions 


The purpose of this section has been to measure deposit- 
wall interface temperature variations at two locations in a 
CFR engine with deposits, The data obtained were used in 
two ways: 

1. An emiprical analysis using the slope and maximum- 
minimum cycle temperatures to compare the deposits form- 
ed by various types of fuels. 

2. An analytical analysis to determine the thermal prop- 
erties of the deposits, the gas-deposit interface temperature 
variations, and the instantaneous heat transfer at the deposit 
surface. 

Several conclusions may be made from the results of this 
section: 

1. The surface thermocouple provides a simple and ef- 
fective method with which the influence of deposits on heat 
transfer can be determined at particular locations in the cyl- 
inder in relatively short times. 

2. The thermal characteristics of the deposits and their 
resulting effect on heat transfer is significantly influenced 
by the chemical structure and boiling point of the fuel as 
well as the additives which are used. 

3. A small amount of a "dirty" fuel blended with a 
"clean" fuel is sufficient to cause the mixture to produce de- 
posits which are similar to those produced by the "dirty" fuel 
alone. 

4, The thermocouple data, coupled with the deposit 
thickness measurements, make possible the calculation of 
the thermal conductivity of the deposit and the time-aver- 
age temperature of the deposit-gas interface. This is sig- 
nificant since it is done without disturbing the deposit or im- 
posing any unrealistic conditions on the overall heat trans- 
fer picture. 

5. The theoretical analysis suggests a means of comput- 
ing the heat capacity of the deposit and the deposit-gas in- 
terface temperature-time history from the thermocouple 
data. However, the results of this work indicates that a re- 
evaluation of the assumptions is in order. Some considera- 
tion should also be given to the accuracy of the computa- 
tional techniques employed. 

6. It appears that greater harm due to deposits, i.e., de- 
creased volumetric efficiency and high gas temperatures dur- 
ing compression, would occur primarily in connection with 
nonhomogeneous deposits. This is in direct contrast with the 
assumption made in the present analysis, as this subject re- 
quires further investigation. 
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Appendix 


Consider a small control volume fixed in space and lo- 
cated either in the wall of the cylinder, in the deposits, or 
in the gases within the combustion chamber. Ref. (30) shows 
that the energy variation within this volume is given by 
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where t 
p = density 

c = specific heat at constant pressure 

T = absolute temperature 

v = velocity considered as a vector 

q = heat flux considered as a vector 

T = shear stress - a tensor 

P = pressure 


qj = rate of energy conversion inside the con- 
trol volume 
D = symbol indicating substantial derivative 


Basically Eq. A-1 states that the energy variation is 
caused by convective energy transport, conduction, friction- 
al effects, pressure work, effects due to variable specific 
heats, and internal energy conversion, i. e., combustion. 

If our consideration is initially limited to a solid, it can 
logically be assumed that: 

1, Convective heat transfer is zero. 

2. Frictional effects are zero. 

3. Density is independent of temperature and pressure. 

4. Pressure work is zero. 

5. Internal energy conversion is zero. 

If in addition it is assumed that: 
1. The specific heat is constant. 
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2. The thermal conductivity is constant. 

3. The heat transfer is one dimensional. 
Eq. A-1 reduces to the familiar one-dimensional Fourier e- 
quation for unsteady heat transfer in a solid: 


OT, ge eer bes 
ot ax2 
where a =k/pc 
k = thermal conductivity 
x = distance 


Experimentally it was demonstrated that the wall tem- 
perature on the water side did not fluctuate with time, i.e., 
the combustion chamber temperature variations were damp- 
ed out. The boundary conditions which must be satisfied if 
Eq. A-2 is to be applied to the wall are (See Fig. 67 for phy- 
sical model): 


(o) 
a) Ty = Aow + o> [K,, cos nwt + Gp sin nwt] at x = 0 
n=1 
b) Ty = Apj = constant atx =a 
where Ajo = time-averaged temperature defined 
mathematically as 
1 2n 
Nye Jf Twpdwy 
° 
Aow = time-averaged wall temperature at the 
gas wall or deposit wall interface as the 
case may be, with and without deposits 
Aoj = time-averaged wall temperature at the 
wall-water interface 
a = thickness of wall 
K,, G, = Fourier coefficients 
w = angular frequency 
n = harmonic number 
w = subscript indicating wall 
m 
The solution of Eq. A-2 with these boundary conditions 
is (4): 


x 
ise) mena ane 2 


(ee) Kp Cos (nwt - xr) 
+ ean + (A-3) 
=1 Gp sin (nwt > xr) 
ee Sw 
where EealbSs i‘ 


Differentiation of a series, as represented by Eq. A-3, is 
permissible according to Ref. (31). Thus, differentiation 
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of Eq. A-3 with respect to x, multiplication by kw, and 
evaluation of x = 0 will give the heat transfer at the gas- 
wall interface as shown in Ref. (4): 


kw 
Io =| (Aow ~ Aoj) 


fo) (Gp - Kp) sin nwt 
+ky ya I + (A-4) 
n=1 (Gp + Kp) cos nwt 


This is the equation that was used as the basis for computing 
instantaneous heat transfer to a clean wall in the text. 

If deposits are present and the control volume is located 
either in the deposits or in the wall, the same assumptions 
can be made and Eq. A-2 will be applicable, but the bound- 
ary conditions will be different. The additional boundary 
conditions to be met are: 


c) Tg=Ty atx=0 


where d = subscript indicating deposits 


oT 0Tq 
d) ky eu les atx =0 


(note - these assume zero contact resistance between the de- 
posits and wall) 


oo 
€) =Tg =Aog t+ »e [Ap cos nwt + By sin nwt] 


n=1 
atx = =-s 


where Ap and B, are Fourier coefficients. 

The solution to Eq. A-2 under these boundary conditions 
is given in Ref. (32) while details of the solution are given 
in Ref. (33). The solution is 


xky xky 
-— +— A. 
(: “) Aow akg 0 
(eo) 
= SS | An’ + Bee cos (nWt - qn) (A-5) 
n=1 


GAS FILM 


Tacx, tie 


DEPOSITS 


GAS WALL WATER 


Fig. 67—Physical model of engine cylinder 


where qn = arc tan Bp/An 
An = oe P* (GLU + K,V) 
By = oe * Gv - K,U) 
0. 5(1 + kwrt/kgp) 


: | nw 

i 22% 4 

=1(P= 7) sin (-px) 

(1 + y) cos (-px) 

e2PX (6/0) ; 
0. 5(1-kywr/kap) 


Q 
iT] 


I 


aowzwacit 
1 


The unknowns in Eq. A-5 have all been expressed in terms 
of thermal properties of the wall and deposit and the experi- 
mentally determined values of Agpw, Aoj, Gp, and Kp. 
As before, if Eq, A-5 is differentiated with respect to x, 
multiplied by kg, and evaluated at x = ~,, it will give an e- 
quation for heat transfer into and out of the deposit at the 
gas-deposit interface. The resulting equation becomes 


(0) 
D 
TG=sr= At (Aod - Aow) + ka Dy | oat $n” cos (nwt - Bn) 
n=1 


(A-6) 


where 86, =arc tan ¥,/y 


¥ = opePS [(Aq = Un) Gp - (An + Un) Kp] 
@ = apeP® [(An+ Un) Gp + (An - Up) Kp] 
hn = (1 - y) cos ps 
Un = (1 + y) sin ps 


and y must be evaluated at x = -s, so for this case 


y =e ?PS (6/0) 


Again the unknowns are expressed in terms of the experimen- 
tally determined values, 

The temperature distribution and the heat transfer at the 
deposit-wall interface will be given by Eq, A-3 and Eq. A-4 
respectively. 

When evaluating the above equations from the thermo- 
couple output variation, it is of course impractical to let n 
become infinite, i.e., to take an infinite number of har- 
monics as is required for the Fourier series representation of 
the time-temperature function. Since the time-tempera- 
ture trace recorded from the thermocouple obviously has a 
significant high frequency spectrum (Figs. 3, 17, 18), it is 
desirable to use as large a value of n as is practical. Using 
numerical techniques outlined by Sokolnikoff and Sokolnikoff 
(34), it was decided that n = 72 was a realistic compromise 
between accuracy and practicality. Thus temperature read- 
ings were scaled from the oscillograms at intervals of 5 
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crank-angle.deg. This number of harmonics (seventy-two) 
is six times that used by previous investigators (10, 14), but, 
considering the character of the curves shown in Figs. 3, 17, 
18, it is still not sufficiently large to remove all uncertain- 
ties from the numerical procedure. 


What happened in the gas has not been considered so far. 
It has merely been said that the temperature fluctuation in 
the gas induced the specified temperature variation in the 
wall and deposits. The next step is to find a relationship 
between the gas temperature and the wall temperature and 
try to deduce ways of finding correlating variables for the 
heat transfer to the wall as a function of the gas conditions. 

Jakob (35) summarizes the work of Hobson (36) and Kel- 
vin (37) who attempted to use the relationship defined under 
steady-state conditions 


do = hg (Tg - Tw | x = 0) (A-7) 


and apply it to unsteady conditions. They assume that the 
temperature of the gas in the main gas core varies sinusoid- 
ally with time as 


(A-8) 


where Gog is the maximum gas temperature above the time- 
averaged value. 

It is next assumed that the temperature variation above 
the time-averaged value induced in the wall is given by 
TX cos (nwt - rx - €) 


Ow = Gog Ne” (A-9) 


where n, 1, and e€ are constants to be determined by the 
boundary condition. 

It should be noted in Eq. A-9 thatif x = 0, i.e., at the 
gas wall interface, the wall temperature lags the gas tem- 
perature in the gas core by an amount e€. This is illustrated 
in Fig. 68 where a first sine harmonic of both the gas and 
wall temperature are plotted. 

Fourier's heat equation, Eq. A-2, must be satisfied 
throughout the wall. 

The assumpations required in order to derive Eq. A-2 from 
the general equation for energy variation within a control 
volume in a medium were made. Also the boundary con- 
ditions to be satisfied for solution of Eq. A-2 are 

f) the heat transfer from the gas is equal to the heat 

transfer through the wall surface (x = 0) 
g) the gas temperature equals that of the wall tempera- 
ture at the gas-wall interface. 
Both of these conditions may be expressed by the single re- 
lationship 


“ky 0 Ow 


ae = ho (Og - Ow|x = 0) 
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where ho is a time-averaged heat transfer coefficient. From 
these boundary conditions they find that 


€ = arc tan 1/(1 + g/r) 


i 
MM aaa 
1 + 2r/g + 2(r/g)2 
where g = ho/ky 
Jakob (35) presents a table showing a variation of n and 


€ with g/r. Computations using typical values in engines 
show (16) that: 


1. The amplitude of the gas temperature is greatly 
damped in the gas film next to the wall surface. 

2, The gas temperature in the main body of the gas leads 
the temperature at the gas wall interface by an angular a- 
mount of 40-45 deg. Differentiation of Eq. A-9, evalua- 
tion at x = 0, and multiplication by kw gives 


do = V2kyTOog N cos (nwt - € + 1/4) (A-10) 


Thus if € is exactly equal to 45 deg the heat transfer through 
the surface is exactly in phase with the temperature varia - 
tions of the main body of the gas. The curve for the heat 
transfer for the first sine harmonic is also shown in Fig. 68. 
It should be pointed out that boundary condition f requires 
that regardless of the value of € the heat transfer at the wall 
is in phase with a curve of the temperature difference be- 
tween the gas and the wall, i.e.,O95 - Owlx =o 

It is obvious from comparison of gas temperature (a tunc- 
tion of gas pressure), Wall surface temperature, and wall 
surface heat transfer variations in the text that the wall tem- 
perature does not lag the gas temperature by 1/8 the period, 
which should be 90 crank-angle deg for the first harmonic. 
This fact may be clarified and accounted for in the above 
derivation by consideration of the higher harmonics in the 
gas temperature variation. It may be noted from Eq. A-8 
that if the Fourier coefficients are positive, Og is a maxi- 
mum for wt = 0, regardless of harmonic number, Also € 
approaches 1/4 more rapidly as n increases. Thus it may 
be seen from Eqs. A-9 and A-10 that the wall surface tem- 
perature variation and surface heat transfer will maximize 
at wt = e/n and(wt = € - 1/4/n)respectively. Thus the max- 
imum values of the three variations will occur more nearly 
simultaneously as the harmonic number of the positive Four- 
ier coefficients increase. Negative Fourier coefficients cause 
a 180 deg phase shift in these effects and will thus tend to 
cause the gas temperature and heat transfer to become out- 
of-phase. In an actual engine the phase shift is apparently 
not large. 

Because h was considered constant throughout the cycle, 
when in fact it varies by a factor of 5 or 10, and because no 
energy additions to the gas film next to the wall surface oth- 
er than conduction and convection were considered, it was 
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decided to investigate unsteady heat transfer in an engine 
further from a theoretical standpoint. 

Pfriem (12) and Elser (14) have attempted to apply Eq. 
A-1 to a control volume located in the gas and thus to de- 
termine heat transfer, .They make all the assumptions made 
in deriving Eq. A-2 except that they do not assume the pres- 
sure work and internal energy conversion to be Zero. 

With these very restrictive assumptions, Eq. A-1 becomes 


Mild he eyed isc lax,,. 3 
Kpc)g ot ” (pe)g 


(A-11) 


where J is the mechanical equivalent of heat. They further 
assume that: 

1. Either of the last two terms or the sum of the last two 
terms vary periodically with time. 

2. These variations are uniformly distributed throughout 
the gas volume. 

Using Elser's analysis, which assumes that qj varies peri- 
odically with time and that the pressure variation is Zero, 
i.e., the variation of pressure is small compared with the 
time-averaged value, Eq. A-11 becomes 


a0 926 ; 
 Silew gene ae 


a + 
at 8 a2 (pc) g 


(A-12) 


At a great distance from the wall the conduction is zero. If 
the temperature variation in this region is given by 


sin wt (A-13) 
then e 

qd; = W(PC) g O89 @ COS wt (A-14) 
The boundary conditions to be met are: 


h) Oy =8 atx =0 
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Fig. 68—Phase relationships between gas temperature, wall 
temperature, and surface heat transfer 
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005 
ye kK ig atx =0 

NOs 8 @x 
A solution of Eq. A-12 for the gas temperature using the a- 
bove boundary conditions and relations is: 


Og = Ooq sin wt - Oge™* sin (wt +mx+C) (A-15) 


where m=/ w/2 dg 

©, and € are constants determined by boundary condi- 
tions. From Eq. A-3 (for a single harmonic and zero steady- 
state temperature gradient in the wall) 
Ww Es nasii (WUI=aEX. 45.) (A-16) 
After some manipulation of the above equations, it is seen 
that 


8 

ow 

—— =bg/(bg +b 
i g/ (bg + Dw) 


Qo (A-17) 


where bg = ¥kpc 


bw = kpc 


for the gas 


for the wall 


The results of this analysis show that: 

1, The wall surface temperature is in phase with the gas 
temperature at a great distance from the wall and is a minia- 
ture replica of it. 

2. The heat transfer through the wall surface leads both 
the gas temperature and wall surface temperature by exactly 
45 deg. These are very interesting conclusions (if correct) 
since they mean that the temperature records produced by 
the thermocouple (Fig. Sul ge and 18) are miniature replicas 
of the gas temperature some distance from the wall. How- 
ever, this derivation will lead to positive, negative, and 
infinite values for h if Eq. A-7 is used as a defining rela- 
tionship. The assumptions made in deriving Eq. A-17 are 
better than those made in deriving Eq. A-9 in that the re- 
sistance of the gas film is not considered constant and that 
energy generation throughout the gas volume is considered. 
They are very unrealistic, of course, in that they consider 
the gas density to be constant. 

Overbye (16) has considered other models using the tech- 
nique of Elser (14) but found that if sufficient simplifications 
are made so that a solution to the equations could be obtain- 
ed, the assumptions were such that the model was unrealis- 
tic. He did, however, evolve some heat transfer correla - 
tions by use of dimensional analysis with Eq. A-1 and the 
continuity equation. This analysis has been used for corre- 
lation of heat transfer in a motored engine in the test, and 
it is summarized below. 

The continuity equation is needed for this analysis, Again 
considering the control volume located in the gas within the 
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combustion chamber, Ref. (30) shows that the continuity e- 
quation may be expressed as 


i) (V> pv) =0 (A-18) 


ot 


The objective of this correlation is to obtain relationships 
from Eq. A-1 relating surface heat transfer with more easily 
determined operating parameters by means of dimensional 
analysis, Five general assumptions were made which do not 
require grossly unrealistic concepts: 

1. The gas is a perfect gas. 

2. The specific heats, thermal conductivity, and viscos- 
{ty are constant. 

3. The gas pressure is a time variation only. 

4, There is zero radial gas velocity. 

5. The cylinder gas has angular symmetry in tempera - 
ture and velocity. 

Equations A-1 and A-18 were put in dimensionless form 
by the following definitions 


Ted/ ie x* = x/Lo Z*=2/Lo 
P* = P/Py VE = Vx/Vo VQ = Ve/Vo 
c = Vo t/ a aa 
= = t = 
p p Po (eo) Lo G CyPoVo 
where z = the radial position coordinate 


Vq = tangential velocity of the gas 
R = the gas constant for the gas within the cylinder. 
The subscripted zero quantities were reference quantities ar- 
bitrarily chosen as 
T, = absolute gas temperature in the intake manifold 
Po = gas density in the intake manifold 
P, = absolute gas pressure in the intake manifold; 
it was multiplied by the compression ratio of 
the engine for data plotting. 
Lo = the stroke of the engine 
Vo = the average piston velocity * Lo w/n 
The five general assumptions simplify Eq. A-1 consider- 
ably, but still many unknown variables remain in the equa- 
tions, e.g., velocity distributions within the gas. It was de- 
cided to attempt to correlate motored data obtained from 
thermocouples 1 and 2, which were in the cylinder head. 
Thus three additional assumptions were made: 
1, The ratio of viscous energy dissipation within the gas 
vciume to the pressure work was negligible. 
2. Radial heat transfer was zero. 
3. Internal heat sources were zero, i.e. , combustion was 
absent. Eq. A-1 in dimensionless form then becomes (with 
the aid of the continuity and perfect gas equations): 


a¢T* oT* P* dp* 1 ap* 
- * yh? y*? —— ) ss Re 3 
es Pe" p* vv axe + Pe Ce are ee 0 (A-19) 
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where Pe’ = LoVoPoCg/kg = Peclet Number for the gas 
= product ot the Reynolds No. and the Prandtl No. 
A = ratio of specific heat at constant pressure to the 
specific heat at constant volume for the gas, 
which is taken as a constant. 
The similarity between the dimensionless gas temperature 
gradient at the wall surface and the Nusselt No. in steady- 
state dimensional analysis suggests letting 
N®* = 0T*/Ox® at an arbitrary x* and N§ = 8T*/dx* 
at x*= 0. 
The two boundary conditions on the dependent variable, 
N*, become 
J) N*=N$ at x* = 0 
k) N*=0 at x® large (far from wall) 
Noting that at x*=0 the velocity is zero, the wallsurface tem- 
perature variation is small, and P* and dP*/dt* are para- 
metric equations of t*, the simple relationship is obtained: 
Né = function (Pe’, P* (A-20) 
An equation similar to boundary condition i) expresses 
N6 in terms of q,. Thus 


re Loto 
O° ksTo 


The failure to include viscous dissipation terms in the 
above derivation may well explain the experimental obser- 
vation that the resulting correlation does not correct for the 
effect of intake valve orientation on surface heat transfer. 
A rigorous discussion of this problem requires more detailed 
data on gas velocity variation within the cylinder. This is 
unavailable. 

In comparing the derivations presented by Jakob (35) and 
Elser (14) it is convenient to neglect a steady-state temper- 
ature gradient through the wall, i.e., the time averagé of 
the gas temperature and wall temperature is equal. However, 
it is obvious from data presented in the text that a steady- 
state temperature gradient does exist and contributes exten- 
sively to the total heat transfer in certain sections of the cy- 
cle. A net transfer of heat from the wall to the gas may 
have considerable effect on the volumetric efficiency or 
octane requirement increase of the engine. The equations 
derived earlier in the Appendix may be used to gain some 
insight into the effect of wall material on the ORI and vol- 
umetric efficiency when both steady-state and unsteady heat 
transfer are considered. 

Let Eq. A-10 express the unsteady heat transfer through 
the wall with n equal to unity (first harmonic), and let the 
steady-state heat transfer component given in Eq. A-4 also 
be present. Thus 


do = kwlAgw ~ Aoj)/a +42 kwrOog ncos(wt - € + 1/4) 
(A-21) 
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If Eq. A-21 is then integrated with respect to time over the 
half period during which the unsteady heat transfer compon- 
ent is negative, i.e., (€ + 1/4) < wt < (€ + 51/4), we ob- 
tain the net heat flow from the wall to the gas during this 
particular half period. The result of the integration yields 

m 


Q= [tky (Aow - Aoj)/wa] - [24 (kpc) Sog n/To ] 
(A-22) 


Now if an average gas temperature Aog, average wall- 
water interface temperature Apj, and average heat trans- 
fer coefficient hg are assumed independent of the wall ma- 
terial, it may be shown by a steady-state heat balance that 
the average gas wall interface temperature and steady-state 
heat transfer through the wall are functions of the wall ther- 
mal conductivity ky. Hence the first bracketed term on 
the right hand side of Eq. A-22 becomes 


Qss = (wk, /wa) { [itoAog + kwAoj/a)/(ho + Kay/ a) ] = host 
(A~23) 
The unsteady heat transfer component depends on the 
product of ¥(kpc)y and. However, for conditions within 
an engine operating in the usual speed range g/r is very 
small (g/t < 0.07). The definition of n indicates that for 
small g/r 
n= g/t2r = ho/To V(Kpc)y (A-24) 
Note that the second bracketed term on the right hand side 
of Eq. A-22 is independent of the wall material. Thus 
Qunsteady = ~2ho@9g/w (A~-25) 
Table 8 lists the thermal properties of several wall ma- 
terials ranging from good conductors to insulators, However, 
it is not possible to obtain a comparison between materials 
by means of Eqs. A-22, A-23, and A-25 without assigning 
numbers to the parameters assumed invariant with wall ma- 
terial. Thus if we let the following values be specified we 
may make a comparison of heat transfer effects: 


Aog = 1200 F 
Aoj = 210 F 


Table 8 - Thermal Properties of Wall Materials 


Material k p c ¥(kpe 
Aluminum 1232.0 168.5 0.248 £«°+171.7 
Cast Iron 24.8 474.0 0.110 35.9 
Aluminum Oxide 2.0 170. 0 0.330 10.6 
Zirconia 0.58 275. 0 0.200 5. 66 


+0.8) 


(BTU / FT*) / HALF- CYCLE 


Fig. 69—Results 
of comparison of 
To o oS heat transfer 


THERMAL CONDUCTIVITY, ky, (BTU / FT-HR-°F) effects 


TOTAL HEAT TRANSFER TO GAS, Q 


™) ZIRCONIA 


Oog-= 450m F 
he.) 4.00 Btu/ft2hrF 
a = 0, 0248 ft 
w = 60, 000m rad/hr (4-Stroke cycle, 1000 rpm) 


The values listed above were chosen to give Q, = 0 for 
a cast iron wall. Thus the values of thermal conductivity 
from Table 8 may be used to compute Qr;and this value may 
be plotted against ky. The results of this comparison are 
shown in Fig. 69. The interpretation of the figure is that 
positive Q,; indicates heat transfer tothe wall from the gas, 
while negative values of Q; represent heat transfer from the 
Wall to the gas with possible decreased volumetric efficiency 
or increased ORI. 
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Discussion 


Four Points to Consider 
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THE AUTHORS have made a worthwhile contribution. SAE 
would benefit from more papers covering work that is as ex- 
tensive and more engineering analyses that are as thorough 
as the authors’. This paper, because of type and extent of 
work reported, is not “light” reading; its 37 pages, 8 tables, 
and 69 figures encompass many complex ideas, some higher 
mathematics, and several assumptions that require checking 
for correctness and resultant effects. 
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Our study of the paper, although as yet incomplete, has 
raised several questions and made it seem that some further 
treatment of the data would improve understanding and ap- 
plication. Four of the points we encountered are: 

1. Many of the curves are of temperatures at the thermo- 
couple. They would be more informative if the data were 
analyzed to yield heat transfer rates, q, at the surface. For 
example, in Fig. 17, is the dip for TC] accompanied by a 
negative q? In Fig. 15, does q exhibit a fast rise and pla- 
teau, as wall temperature. does? 

2. What is the exact physical significance of the slopes 
of the temperature-time curves? They are apparently re- 
lated to the decay factor, rx. Here too the curves would be 
easier to understand if the data were analyzed to yield the 
more significant parameter, rx. We wonder if r changed 
or if x, alone, changed. If only x, would the change in 
mean thermocouple temperature show the same values of x? 

3. The appendix indicated that "the wall temperature 
(we presume at the surface) is in phase with the gas temper- 
ature at a great distance from the wall and is a miniature 
replica of it." Fig. 20, which shows the thermocouple pro- 
file in a motored clean engine, shows both a phase shift and 
a distortion of the shape of the profile. The authors attrib- 
ute the phase shift to heat capacity. They seem to have ac- 
counted for this in the appendix; but some further explana- 
tion is necessary. They do not comment on the distortion. 
We wonder whether a different and possibly more complex 
theoretical model is needed, or if the discrepancy can be 
attributed to experimental error. The model used allows no 
heat transfer from the gas outside the layer in which con- 
duction is the only mode of heat transfer. A model that al- 
lows for some heat transfer by circulation from the bulk of 
gas seems more realistic, though mathematically more dif- 


ficult. 
4. Unsteady-state heat-transfer effects of deposits de- 


pend on engine rpm. Might the effects be greater or small- 
er at the 2000-4000 rpm of automobile engines than at the 
800-900 rpm of their laboratory engine? 

From a study of this extent, it is difficult to select the 
one idea that seems most significant. Our selection would 
be the idea that the h concept is not valid for engines. Al- 
though it is never exactly valid, for the h concept does not 
allow for the heat capacity of the boundary layer, it is val- 
id in a practical sense unless neglecting the heat capacity 
of the boundary layer introduces significant errors. We feel 
the results in the paper show that such significant errors are 
an important possibility. However, further study of these 
data and of additional data seem necessary to assure that the 
discrepancy does not result from experimental error or as- 


sumptions in the analysis. 
Despite these and other questions, the significance of 


this work should not be underestimated. For men interested 
in combustion chamber deposit problems, a careful study of 
all the author's analyses and results, and an effort to check, 
extend and apply them should prove beneficial and stimu- 
lating. 
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Authors’ Closure 
To Discussion 


THE AUTHORS thank the discussers for their interest in this 


paper. 
The four points to consider are discussed below. 


Unfortunately a heat transfer analysis was not made for 


the cycle with "preflame™ reaction shown in Fig. 17. How- 
ever, it is justifiable to assume that the sudden temperature 
change will affect heat transfer through the wallsurface. The 
wall temperature variations shown in Figs. 14 and 15 yield 
slightly different surface heat transfer variations, as shown 
in Fig. 25, A study of temperature-time sampling frequen- 
cy necessary to determine surface heat transfer is presented 
in Ref, (16). 

It is difficult to examine a temperature-time record and 
predict the temperature-distance variation (which is pro- 


portional to surface heat transfer). Ref. (16) confirms the 


intuitive result that for a fixed material peak unsteady heat 
transfer increases with increased wall temperature swing and 
temperature-time slope. The deposit studies indicate that 
deposit thickness and thermal properties affect both slope 
and amplitude of the deposit-wall interface temperature. 
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The models in the Appendix are oversimplified, as shown 
by a constant heat transfer coefficient assumption (Eq. A-7) 
and a constant density gas with small pressure variations (Eq. 
A-12). These simplified models are presented to show that 
twocompletely different results are obtained by using either 
the heat transfer coefficient concept or the temperature pro- 
file concept. Experimental determination of heat transfer 
coefficient variation during the entire cycle and computer 
techniques for solving nonlinear differential equations are 
needed to give a more complete picture of the intricate re- 
lationship between gas processes and surface heat transfer in 
an operating internal combustion engine. 

It is unfortunate that the engines used in this study were 
limited to low rpm. Refined instrumentation and calibra- 
tion techniques must be developed to use the thermocouple 
in high speed engines. Higher engine speeds may indicate 
completely different wall surface temperatures and surface 
heat transfer because of the effect of turbulence and rpm on 
combustion processes within the combustion chamber. 

The authors present this paper with a sincere desire that 
the surface thermocouple may be one additional tool to be 
used to study the intricacies of combustion phenomena in 
modern internal combustion engines. 


End Gas Temperature Measurement by a 


Two-Wavelength Infrared Radiation Method’ 


ENGINE KNOCK has been under intensive seige for about 
40 years. The sometimes hot, sometimes cold war against 
this ever-present enemy has had few casualties on either 
side. It has been a war of containment in which millions 
of miles are driven every day with a minimum of objection- 
able noise and practically no damage, but at the same time 
compression ratios, spark advances, mixture ratios, and fuel 
types are severely limited. We pay dearly to maintain 
peaceful coexistence with engine knock; yet, we have gain- 
ed a great deal of ground through proving ground testing and 
laboratory research. 

Our intelligence divisions have perhaps not fared as well 
as the front line divisions, since our understanding of the 
basic nature of knock, the essential mechanism from which 
it springs, is far from complete. The problem of intelligence 
resolves itself to understanding the mechanism by which a 
fuel-air mixture ignites under the influence of pressure and 
temperature. If this understanding were to be gained, it 
should have many uses. Knock could, perhaps, be outflank- 
ed by adjusting end-gas conditions more shrewdly than is 
done at present; the mechanism might be sabotaged with 
antiknock additives more neatly than is done now; or the 
mechanism might even be put to our own use more effect- 
ively, as is desirable in the operation of compression -igni- 
tion engines. 

Such exacting operations require precise understanding 
and control of the fuel-air ignition process. Mixture com- 
position, temperature, and pressure are perhaps the three 
most critical factors in the ignition process, and the mea- 
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surement of these factors as functions of time in operating 
engines has been the subject of much research. Pressure 
measurement has been rather precisely accomplished with 
the most modern instruments, and the measurement of pres- 
sure development from preflame reactions in spark-ignition 
engine end-gases has assisted greatly in the understanding 
of the knock mechanism. Composition studies, by samp- 
ling valves, exhaust analysis, and*spectroscopic studies, 
while not exhibiting great quantitative precision, have, 
nevertheless, contributed greatly in elucidating the chem- 
istry of preflame reactions and in correlating this chemistry 
with that of cool flame reactions already widely-known out- 
side of engine studies. 

Measurement of the temperature of the (nominally) un- 
burned fuel-air mixture in an operating engine, prior to 
knock or normal flame propagation in the end-gas, has been 
attempted only in the last ten years in a very few laborato- 
ties. These studies have been motivated by a strong desire 
on the part of the automotive and petroleum industries to 
substitute experimental observations for the many uncertain 
calculations, estimations, and conjectures about end-gas 
temperatures made heretofor. It was believed that such 
observations would not only contribute to an understanding 
of the mechanism of engine knock and help explain the in- 
fluence of engine and fuel variables on knock limits, but 
might also be informative in the matters of residual dilu- 
tion, heat transfer to combustion chamber walls, and parti- 
cle ignition phenomena. 

Under sponsorship of the Coordinating Research Council 
three methods of engine end-gas temperature measurement 
have been studied at the Massachusetts Institute of Technology 
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and the University of Wisconsin. (1) TheMIT group has devel- 
oped a method based on the measurement of the velocity of 
sound ina narrow gap between two probes in an engine cylinder. 
The University of Wisconsin has studied amethod involving ab- 
sorption spectroscopy of iodine introduced in an engine cyl- 
inder, and has developed an additional method based on in- 
frared emission and absorption by water vapor in an engine. 

The sound velocity and infrared emission-absorption 
methods were both developed to a state of useful application, 
and a comparison of the two methods when operated simul- 
taneously on the same engine showed good agreement. 

During the last eight years of the CRC development pro- 
gram, General Motors Research has independently carried 
out its own study of still another method of end-gas tem- 
perature measurement: the two-wavelength infrared emis- 
sion method. ‘The temperature study has been carried out 
in conjunction with a spectroscopic study of preflame reac- 
tion products, (2) which utilized much of the same equip - 
ment, The two-wavelength method was chosen for study 
for several reasons. The method was thought to have cer- 
tain advantages over other methods being studied, and it 
was felt that confirmatory data on end-gas temperatures by 
several independent means would strengthen a position with 
regard to these temperatures which would be, at best, rath- 
er shaky. 

It is the purpose of this paper to describe in some detail 
the method, how it is applied, and to indicate some of its 
successes and failures in order that this method may be e- 
valuated in relation to the other methods currently in use. 


Two Wavelength Principle 
of Temperature Measurement 


The two-wavelength radiation method of temperature 
measurement has been applied in many different systems 
and discussed in many texts. (3) Most of the applications 


have been with near-black radiators and with visible rather 
than infrared emission. These are the well-known color py- 


rometers used for measuring the temperatures of solid and 
molten metal, and carbon-forming flames. Uyehara, Myers, 
Watson, and Wilson (4) at the University of Wisconsin applied 
the two-color method to the luminous carbon radiation em- 
anating from a diesel engine combustion chamber. 
Altnough the Wisconsin work is the only prior application 
of a two-wavelength temperature measurement method to a 
reciprocating engine, applications to non-luminous flame 
gases are actually more pertinent to the present study, since 
spark-ignition engine end-gases emit little or no luminous 
radiation. Bernath, Powell, Robison, Welty, and Wohl!) 
measured temperatures in a non-luminous Bunsen burner 
flame using the infrared water vapor bands. The equipment 
and technique were completely analogous to that in the pres- 
ent engine study. The author(®) has also discussed the ap- 


*Numbers in parentheses designate References at end 
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plication of this same technique to a jet engine combustor. 

The two-wavelength radiation technique relies on the 
fact that the intensity of radiation from any material in ther- 
mal equilibrium varies with the temperature. If the absolute 
emissivity of the material at some wavelength were known, 
and if the instrumentation were arranged so that absolute 
measurements of radiant energy were possible, then a simple 
measurement of the radiant energy emitted at one wave- 
length would determine the temperatu'e. Unfortunately, the 
absolute parameters are not generally known. It is possible, 
however, to cancel the need for many of these parameters, 
and reduce the influence of others if measurements are made 


at two wavelengths rather than at one. The fact that radia - 
tion intensity is a different function of temperature at dif- 
ferent wavelengths makes it possible to determine temper - 
ature from the ratio of intensities, while many parameters of 
the optical and electronic measuring system cancel out. Two 
parameters, the emissivity of the radiator and the sensitivity 
of the detector, do not actually cancel, but at least abso- 
lute values for these factors are not needed, only their ratios 
at the two wavelengths. These ratios may be determined 
by empirical calibration. 

* In mathematical terms the two wavelength radiation 
technique may be expressed from the fundamental laws of 
radiation as follows: 
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where: I = Radiation intensity of substance at 
€ = Emissivity of substance at X 
X = Wavelength of radiation 
Cog= Planck's second radiation constant 
T = Absolute temperature 


This relationship is obtained from Planck's equation for 
a perfect black body, and it applies to any radiating sub- 
stance in thermal equilibrium. 


The calculable blackbody part of Eq. 1 may be expressed 
as: 


(2) 


where B,/Bg is the ratio of emissive powers at the two wave- 
lengths A, and AQ for a blackbody at temperature T. At 
fixed wavelengths B1/Bg is a function of temperature only. 
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The instrument constants may be taken care of by: 


D 
ite (3) 


where: 
D = Output of detector 
K = Relative sensitivity of detection system at 


Substituting Eqs. 2 and 3 in Eq. 1 and rearranging terms 
. gives the working relation: 


ag (4) 


If Ko/Ky and €9/€, are known by prior calibration, and 
if Dj/Do is measured, then By/Bg may be determined. The 
known relation between B,/B9 and T (Eq. 2) then permits 
determination of the absolute temperature of the radiating 
substance. 

In this work water vapor present in the engine cylinder 
gases was taken as the radiating substance, and the wave- 
lengths chosen were those of two water vapor bands at A, = 
1.89 and Ag = 2.55 microns. The blackbody relationship 
(Eq. 2) was readily manipulated with the aid of a blackbody 
radiation slide rule. 

In principle, at least, the two-wavelength method of 
temperature measurement has several advantages over the 
other methods currently in use. The problems of the sound 
velocity method associated with cooling of the measured 
gases by the cooled sound probes, and the uncertain effects 
of preflame reactions on the sound velocity are entirely ab- 
sent. Turbulence of the end-gases, which may interfere 
with the sound velocity measurement, should have no effect 
on the two-wavelength method. The two-wavelength meth- 
od requires only one window in the engine combustion cham- 
ber instead of two, as required by the emission- absorption 
method, and presumably there is no direct effect of dirtying 
the engine window on the temperature measurement, aslong 
as sufficient radiation passes to obtain the measurement. The 
emission-absorption method suffers a direct error from any 
dirt deposited on the windows between calibration and meas- 
urement. 

Since all three of the end-gas temperature measurement 
techniques now in use involve an appreciable volume of gas, 
the matter of temperature gradients within the measured vol- 
ume is of some concern. All three measuring techniques 
obviously give some sort of an average temperature for the 
gases under study. The actual temperature gradients exist- 
ing in an engine are unknown. It may be presumed, how- 
ever, that late in the compression stroke the bulk of the gas 
is at a temperature much higher than the cylinder walls, and 
that this bulk of gas is surrounded by a layer in which the 
temperature gradually decreases to the value at the wall. 
Theoretical calculations(1, 7) indicate that, while the sound 
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Fig. 1—Engine radiation temperature measuring equipment 


velocity technique tends to give a temperature corresponding 
closely to the mass average temperature of the gases be- 
tween the probes, the infrared emission-absorption method 
tends to give values closer to the peak temperature in the 
volume under observation. As shown in Appendix A, the 
two-wavelength method of temperature measurement tends 
to give an average value still closer to the peak than the e- 
mission-absorption method. Thus, the two-wavelength 
method perhaps gives the most significant results for knock 
studies, since it tends more to indicate the temperature of 
the hottest gas which must eventually be first to reach spon- 
taneous ignition in the engine cycle. Of course, if the cor- 
relation of end-gas temperature with average cylinder pres- 
sures or heat transfer through the chamber walls is of inter-. 
est, then a mass average temperature might be considerably 


more useful. 
It is extremely hard to compare the different methods 


with regard to the many practical difficulties which arise in 
attempts to apply such techniques to actual engine measure- 
ments. However, some of these difficulties in the case of 
the two-wavelength method will become evident in the fol- 
lowing discussion. 


Equipment 


Fig. 1 is a photograph of the equipment for two-wave- 
length temperature measurement. At the right is the single- 
cylinder research engine; in the center is the spectrometer 
for detecting radiation from the engine cylinder gases; and 
at the left is the electronic apparatus known as the Engine 
Radiation Ratio Indicator. The dynamometer, operating 
controls, and engine utilities (water, oil, air systems) are 
out of view from the picture. 

Engine - The single-cylinder research engine has a bore 
and stroke of 3-3/4 and 3-7/16 in. respectively. Itwas adjusted 
to acompressionratioof 8:6. The cylinder head is of sandwich 
construction, made from an Oldsmobile-type single-cylinder 
head of 12.0 nominal compression ratio mounted on top of 
a 7/8 in. thick spacer containing the “end-gas pocket” with 
its viewing windows. 
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SIDE VIEW 


Fig. 2 shows the combustion chamber with the piston at 
top center, and illustrates the viewing windows, the end-gas 
pocket, the spark plug, and the two instrument access holes. 

The aluminum piston has a built-up head which fits up 
into the spacer in such a manner as to keep the clearance 
volume small. Cooling passages in the spacer permit cir- 
culation of water from the system which cools the head and 
cylinder liner. 

Air is supplied to the engine either from the atmosphere 
or from the building compressed air lines through a critical 
flow air-metering system. The latter system provides a rel- 
atively constant, low humidity of about 0.25% HgO by 
weight. Air temperatures are controlled with an immersion 
electric heater in the surge tank ahead of the carburetor and 
electric heating tape wrapped around the intake manifold 
between the carburetor and the engine inlet valve. Inlet 
mixture temperature is indicated by an unshielded immer- 
sion thermocouple just ahead of the inlet valve in the man- 
ifold. The exhaust temperature, under motored conditions, 
is measured by an unshielded thermocouple in the exhaust 
port about 1/2 in. from the exhaust valve. Liquid fuel flows 
are measured with calibrated rotameters, propane flow by 
a critical flow metering system. Exhaust back pressure is 
varied with a gate valve in the exhaust manifold. 

Performance measurements on this engine showed no un- 


usual effects attributable to the sandwich combustion cham- 
ber design. The maximum IMEP at 2000 rpm was 150 psi; 


MBT spark advance was 31 deg at 2000 rpm; and the pri- 
mary reference blend octane requirement at this condition 
was 98. lonized-gap measurements of flame arrival time 
indicated that the end-gas pocket was actually one of the 
last parts of the chamber to be reached by the flame. The 
flame arrived in the pocket about 50 crankangle deg after 
ignition at the 2000 rpm maximum power condition. Cyclic 
variation of the arrival time was on the order of + 3-5 crank- 
angle deg. 
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Optical System - Radiation from the end-gas pocket in 
the engine combustion chamber passes out through one of 
the 3/8 in. diameter by 3/16 in. thick quartz windows (the 
other window is not used for this work) and is focused on the 
spectrometer entrance slit by a quartz lens. The optical path 
length between the two end-gas windows is 2-7/8 in. The 
focal points of the lens are in the center of the engine end- 
gas pocket and at the spectrometer entrance slit. 

A rotating shutter between the lens and spectrometer is 
driven by a selsyn system operated from the engine cam- 
shaft. The shutter interrupts the radiation beam for one 
complete engine revolution, starting to close 32 deg atc on 
the power stroke and reaching full-open 47 deg atc on the 
induction stroke. The purpose of this shutter is to provide 
a zero baseline for radiation on the detector and to prevent 
the extremely intense hot flame emission from reaching the 
detector and either changing its sensitivity characteristics 
or overloading the electronic circuits. 

Between the shutter and the spectrometer slit is a multi- 
ple-wedge adjustable radiation attenuator. This optical at- 
tenuator is used to maintain a constant level of illumina- 
tion on the radiation detector under the different operating 


conditions, thus keeping the detector in the linear portion 
of its operating range. The attenuator calibration also gives 
a measure of the relative signal intensity under the various 
operating conditions, 

The detector signal from the hot flame radiation in the 
combustion chamber under some conditions is 500 times that 
from the unburned gases ahead of the flame front. Some 
of this radiation may reflect several times from various sur- 
faces in the combustion chamber. If even a small portion 
of this radiation should enter the optical system before the 
hot flame actually reaches the window, it could interfere 
seriously with measurements of the unburned gas. Therefore, 
attempts were made to determine whether such interference 
does occur. A tungsten lamp was placed at various posi- 
tions in the chamber, and the amount of radiation entering 
the spectrometer was measured. When the lamp was 1/4 in. 
away from the line of sight through the end-gas windows, 
the signal on the detector was reduced to about 1/100 of its 


direct value. This means that at this distance the reflected 


hot flame radiation may still be about five times stronger 
than the unburned gas radiation, Unfortunately, a light 
source as intense as the hot flame could not be conveniently 
placed in the engine. Therefore the distance at which a 
source of this strength would produce a negligible signal 
could not be determined. It can only be concluded that the 
hot flame probably affects the temperature measurements 
when it is within 1/4 in. of the windows, and very likely 
does not affect the measurements when it is near the spark 
plug at the far side of the combustion chamber. 
Spectrometer - The spectrometer is a Perkin-Elmer Mod- 
el 99 double-pass monochromator with a lithium fluoride 
prism and lead sulfide detector. The slits were kept at 2000 
microns, a width necessitated by the extremely low radia- 
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tion intensities involved. The internal 13 cps chopper is not 
used, and single-pass radiation, which was found to inter- 
fere seriously with the measurements, is eliminated by 
masking portions of the spectrometer slits. The masking 
does not reduce the signal intensity appreciably, since only 
1/3 of the slit length is illuminated even before masking. 

In early work atmospheric air was allowed in the spec- 
trometer, but it was later suspected that variations in at- 
mospheric humidity were affecting the temperature meas- 
urements by varying the amount of self-absorption in the 
water vapor bands. From then on the spectrometer was 
flushed continuously with nitrogen. This change necessi- 
tated a complete recalibration of the temperature measur - 


ing technique, since both K9/Kj and €9/e€ 7 were altered 
by the reduction in self-absorption. Much of the day-to- 
day variation in results, however, appeared to be eliminated, 

Detector - Six different lead sulfide photoconductors were 
tested in an attempt to find the best detector for this work. 
The final selection was a Kodak Ektron lead sulfide cell 
with a time constant of about 800microseconds. This time 
constant is barely adequate for engine studies at 2000 rpm. 
Several of the other detectors had much faster responses, but 
these detectors were completely inadequate with respect to 
signal-to-noise ratio. 

The relative sensitivity of the lead sulfide detector at 
2.55 and 1. 89 microns (Ko/K1 in Eq. 4) was determined by 
comparing the intensity ratio from a globar source at the 
two wavelengths as measured with the lead sulfide cell to 
the ratio as measured with a uniform-response thermocouple 
detector. The sensitivity ratio, Ko/K 1, determined in this 
manner was 0, 581. 

Engine Radiation Ratio Indicator (ERRI) - The ERRI has 
been completely described in previous publications. (8, Dits 
purpose is to permit the determination of the mean value 
(with respect to engine cyclic variations) of the detector sig - 
nal voltage ratio at the two wavelengths. It functions as 
follows: The signal from the spectrometer detector, which 
varies with time in the engine cycle, is compared with a 
reference voltage level at any given instant during the en- 
gine cycle. The instant of comparison is determined by a 
pulse from a pulse generator which can be manually adjust- 
ed to any desired crank angle. A coincidence meter reads 
the percentage of cycles in which the engine signal voltage 
is greater than the reference level at the predetermined 
crank angle (thus "averaging" the engine cyclic variations). 
In use, the spectrometer is set to the wavelength of the 
weaker radiation (1. 89 microns); the reference voltage level 
is adjusted for 50% coincidence at the desired crank angle 
(the reference level thus represents the mean cycle-to-cycle 
signal voltage); the spectrometer is then adjusted to the 
wavelength of the stronger radiation (2.55 microns), and this 
detector signal is electrically attenuated by means of a po- 
tentiometer to again give 50% coincidence. The fraction 
of attenuation required is equal to the ratio of the first signal 
to the second. and this fraction is read directly from the po- 
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tentiometer dial. The dial is graduated in ten turns with 
100 divisions for each turn. Thus, the signal ratio can be 
read directly to three significant figures. In the range of 
ratios used, 0.060-0.200, one division on the dial corre- 
sponds to about 5 F. 

Although some consideration was given to making a con- 
tinuous-recording temperature measurement system, rather 
than this point-by-point, cyclic-averaging system, the dif- 
ficulties associated with very accurately recording the ratio 
of two rapidly varying voltages were thought to be out of 
proportion to the value of knowing the engine temperature 
variation throughout a single cycle. 


Experimental Procedure 


Like the proverbial babe-in-the-woods, our delicate end- 
gas temperature measuring systems venture only with the 
utmost caution into the savage holocaust of an operating en- 
gine cylinder. In the present study we have learned to walk 
in four distinct stages. 

In the first stage we don't move at all, but simply look 
about to see what may be encountered. We make no tem- 
perature measurements, but rather see what the radiation 
from an engine looks like under typical motoring and firing 
conditions. We also examine the question of reproducibility. 

In the second stage we start to move with actual temper- 
ature measurements in an engine motored with air alone. In 
this stage we determine the cylinder gas temperature both 
with the radiation technique and by calculation from pres- 
sure card data and air flow measurements using the perfect 
gas law. The calculated temperatures serve to calibrate the 
radiation technique by determining the emissivity ratio, 
€9/€4, and by holding on to this support we can, in fact, 
walk through a number of motored-air exercises, pretend- 
ing to explore. This second stage, of course, makes no pro- 
gress into the unknown because the radiation technique mea - 
sures nothing that could not already be determined by other 


means. 
In the third stage we let go of the support and walk alone, 


but we stay within the limits of a motored engine, adding 
various fuels this time to test the strength of our system a 
bit, and to allow for some exploration. 

In the last stage we run pell-mell into the fired engine, 
acting in most respects as if we knew just about what we 
were doing. 

The subsequent discussion will follow the general order 
of this experimental procedure. 


Radiation from Engine 


Spectra - Fig. 3 gives an indication of the types of radi- 
ation spectra obtained from the engine under typical motor- 
ing and firing conditions. Each spectrum represents the peak 
intensity of the unburned gas radiation plotted as a function 
of wavelength. The spectra are all plotted to the same 
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scale. The two wavelengths of water vapor emission at 


which the intensity ratio is determined are indicated by ver- 
tical lines along with the spectral slit widths resulting from 
the 2000 micron spectrometer slit, 
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The motored isooctane, benzene, and propane-air spec- 
tra have the lowest intensity; the motored air spectrum is 
slightly more intense at the water vapor wavelengths. The 
fired engine and the motored 80 octane primary reference 
blend spectra are considerably more intense because in these 
cases both the temperatures and the water vapor concentra ~ 
tions are higher. The water vapor content is higher in the 
fired engine because of residual dilution, and higher with 
the 80 octane fuel because of water production in the pre- 
flame reactions. 

Of particular interest in Fig. 3 is the intense emission be- 
tween 2.1 and 2.5 microns which apparently comes from 
the unreacted fuel (and perhaps partly from preflame reac - 
tion products). The spectral slit widths would seem to ex- 
clude this radiation from influencing the temperature mea- 
surements to any appreciable extent with isooctane, propane, 
and the primary reference blend. However, with benzene 
the fuel emission has a different distribution and it might 
be expected that the intensity reading at Ag = 2.55 microns 
would be increased by the fuel emission, tending to make 
the temperature readings lower than would otherwise be the 


case. No attempt was made to estimate the magnitude of 
this error. 

Oscilloscope Traces - Figs 4-5 show a number of radia - 
tion traces photographed from the oscilloscope face during 
motoring and firing operation respectively. In each of these 
traces time progresses from right to left, and in the top two 
traces of each photograph the length of the trace corresponds 
to one engine cycle or 720 deg of crank angle. In most cases 
only a single engine cycle is recorded, although in some 
exposures portions of a second cycle appear. The top trace 
represents the radiation at 1. 89 microns as it was presented 
for temperature measurement. The middle trace represents 
the radiation at 2.55 microns attenuated as it was for tem- 
perature measurement (the attenuation was on the order of 


1/10). The lowest trace represents again the radiation at 
1.89 microns, but this time the horizontal scale expanded. 

Fig. 4A illustrates the case with motoring air. The trace 
is approximately symmetrical with the peak at tdc, or at 
most 1 or 2 deg after tdc. 

Fig. 4B is identical to 4A except that the spark plug was 
fired at tdc. This photograph illustrates the problem of spark 
pickup encountered in the later fired-engine work. The small 
pip on the 1.89 micron trace, which occurred in spite of 
electrical shielding and a resistor in the high tension spark 
lead, introduced a serious error in the temperature measure- 
ment at the crank angle of the spark discharge. The prob- 
lem was avoided by making measurements only at crank an- 
gles different from the spark timing. 

Fig. 4C, when compared to 4A or 4B, illustrates the slight 
reduction in signal height accompanying the use of essen- 
tially non-reacting fuel-air mixtures. 

Fig. 4D shows the large effect of cool flame reactions 
occurring with low octane quality fuels. The peak of the 
cool flame radiation is 8-15 deg after tdc, and the relative- 
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ly sharp cutoff of radiation a short time after the peak re- 
sults from closing of the rotating shutter 30-40 deg atc. 

Fig. 5A shows a fired engine cycle with the spark fired 
at tde. The initial rise in the trace at the far right end oc- 
curs when the rotating shutter opens 30-40 deg atc on the 
intake stroke. The radiation level remains approximately 
constant throughout the intake stroke and most of the com- 
pression stroke. This radiation is presumed to come from 
hot solid materials in the optical line of sight--the quartz 
windows, deposits on the windows, and perhaps metal walls 
or reflections from metal walls. The spectrum of this ra- 
diation is continuous and thus could not represent gas emis- 
sion. The gas emission was found to rise sharply above this 
level at 20-40 deg btc on the compression stroke, and the 
peak occurred in the vicinity of tde. Sometime after the 
peak (20-40 deg atc) the radiation passes through a mini- 
mum and then starts to rise again as compression by the nor- 
mal hot flame advancing across the combustion chamber 
finally overcomes the expansion caused by the receding pis- 
ton. (The possibility cannot be ruled out that some of this 
increased intensity after the minimum also is contributed by 
reflected radiation from the hot flame itself.) The shutter 
is arranged to close in time to cut off the very intense di- 
rect emission from the hot flame. 

The 2.55 micron trace does not show the second rise in 
emission after tdce as the 1. 89 micron trace does. This re- 
sults from the fact that as temperature increases, the 2.55 
micron radiation increases more slowly than the 1. 89 micron 
radiation (according to the laws of thermal radiation). 

In order to gain an accurate measurement of the gas radi- 
ation intensity, aside from any solid continuous emission in 
the line of sight, the ERRI is arranged to maintain a base- 
line reference level(®) in the crankangle region between 70 
crankangle deg before and after bdc on the intake and com- 
pression strokes. This is the center section of the flat, con- 
tinuous emission portion of the cycle illustrated in Fig. 5A. 
In effect, this arrangement assumes that the gas emission is 
negligible in this portion of the cycle, an assumption which 
seems valid in view of the low temperature and low optical 
depth of water vapor during that period. 

Fig. 5B demonstrates the effect of preflame reactions 
with a low octane quality fuel. For this case the signal was 
attenuated about 50% from that in the other photographs. A 
distinct inflection point in the trace at about 1 or 2 deg btc 
(as indicated by arrow) indicates the onset of preflame re- 
actions. The signal peaks 5-10 deg atc. 


Accuracy and Precision 


The absolute accuracy of this temperature measuring 
technique is not known and probably cannot be known with 
certainty. The accuracy of the temperature data given here 
depends on: 

a. The accuracy of the calculated gas temperatures for 
the motored air runs, which in turn depends on the accuracy 
of the pressure, airflow, other measurements, and on the 
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assumptions involved in the calculation (see Appendix B). 

b. The accuracy of the assumption that the temperature 
of the end-gas, as averaged by the radiation technique in 
the motored-air case, is represented by the calculated value 
(which requires that temperature gradients in the optical path 
be negligible with motored air). 

c. The accuracy of the assumption that no additional 
factors become involved when measurements are made un- 
der conditions other than motored -air. 

Since these factors may never be known for sure, per- 


haps it will be sufficient to rely on the "reasonableness" of 
the results obtained. This involves comparing the results 
with what might logically be expected from an engine and 
with results obtained by other independent, but perhaps e- 
qually uncertain, temperature measuring means. Attempts 
are made to check this "reasonableness" in the discussion of 
data to follow. 


If accuracy eludes our grasp, certainly precision, or re- 
producibility, can be pinned down. Experience, which is 
illustrated in the data to follow, has shown that three class- 
es of precision can be distinguished in this work, as follows: 


1. The precision with which a single temperature read- 
ing could be made at one moment--i.e., the precision with 
which the ERRI attenuator dial could be set and read and a 
deviation from 50% on the coincidence meter was notice- 
able--wasabout+5F. This was essentially the reading preci- 
sion of the instrument and included no allowance for drift 
in either the instrument or engine conditions. 


2. The repeatability of readings for the same engine 
condition run from day to day or week to week with a mo- 
tored engine was +10-20 F. This variation is represented 
essentially by the scatter in the data on the individual curves 
shown later. It included the possibility of some drift in the 
instrument and engine operating conditions. This same pre- 
cision existed for the fired engine in a given day's running. 


3. The variation from day to day in the fired-engine 
studies, which included possible variations in ambient con- 
ditions, ranged up to +50 F. 


It is of interest to note that the reading precision and 
short term reproducibility of the two-wavelength technique 
for temperature measurement are of the same order as those 
for the sound velocity and emission-absorption techniques.\?) 


It appears possible that the large day-to-day variations 
in end-gas temperature encountered here for the fired en- 
gine may have resulted from variations in ambient humidity 
and its effect on burning rates in the engine. Such effects 
seem to have been magnified by the generally retarded spark 
timing used, so that power differences from day to day, ap- 


parently due to humidity changes, were also noted. Thus, 
it is quite possible that the +50 F precision mentioned in 
(3) above represents actual variations in engine end-gas 
temperatures and should not be charged to the temperature 
measuring technique as errors.. 
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Fig. 8—Variation of emissivity ratio with intake temperature 


Experiments with Motored Air 


Determination of Emissivity Ratios - The emissivity ra - 


tios, €9/€4, wete determined under motored-air conditions 
by comparing the measured radiation intensity ratios with 


temperatures calculated from pressure card, air flow, and 
exhaust gas measurements, using the perfect gas law. The 


method of this calculation is described in Appendix B. In 
Eq. 4 given earlier, By/Bo was determined from the calcu- 
lated temperature, D;/D9 was indicated by the ERRI, Ko/ 
K = 0.581, as mentioned previously, so €9/e€ 1 could be 
calculated. 

It was expected on theoretical grounds that water vapor 
concentration in the engine cylinder might have an appre- 
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ciable effect on €o/E4, so an arrangement was made to 
permit the introduction of steam into the engine intake 
surge tank and to measure the partial pressure of water va- 
por in the intake air resulting from the added:steam. From 
this the optical depth of water vapor in the engine end-gas 
could be computed and expressed in terms of moles of wa- 
ter per cu ft times the path length across the combustion 
chamber in ft, or moles/ft?. 

Fig. 6 shows the tdc cylinder gas temperatures calculated 
from pressure card data and the perfect gas law, as indicat- 
ed in Appendix B, plotted against optical depth (water va- 
por concentration). There is a + 10 F scatter in the data 
from the pressure measurements, but the trend is for little 
or no change in the end-gas temperature with changing wa - 
ter vapor concentration. An isentropic compression from 
fixed initial conditions would be expected to give a reduc- 
tion in final temperature of the order of 50 © from the case 
with no water vapor to 6 (10)~* moles H9O/ft*. The de- 
viation from the isentropic case here is unexplained, but 
may be associated with changing residual fraction, heat 
transfer, or inlet conditions. 

The emissivity ratios determined as a function of optical 
depth are shown in Fig. 7. This.curve is extremely impor- 
tant to the subsequent temperature determinations since it 
demonstrates a rather large effect of water vapor concentra - 
tion on the calibration of the temperature measuring tech- 
nique. The shape of the curve is explained by the fact that 
as optical depth increases, the absolute emissivities at each 
of the two wavelengths must approach the blackbody value 
of 1.0. Thus, the ratio itself, whatever it may be at low 
optical depths, must approach 1.0 as the optical depth 
increases. 


The cluster of points around the optical depth of about 
0.3 (10)~4 moles/ft* represents conditions with atmospheric 
induction in the engine. The points at about 0.15 (10)~4 
moles/ft? were taken using the closed air-metering system, 
and the signal intensities were so low that considerable scat- 
ter in the data occurred. However, it must be recognized 
that a portion of the scatter in the emissivity ratio determi- 
nations actually arises from the pressure card data used 
in the perfect gas law temperature calculation, as evi- 
denced in Fig. 6, and should not be charged to the radia- 
tion instrument. 


It is perhaps of interest to note that for a Bunsen flame 
with a somewhat smaller optical depth than any measured 
here, and for slightly different wavelengths (A = 1. 819, A» 
= 2.505), Bernath, et. al.‘*/ obtained an emissivity ratio 
of 6.41, which shows a fairly good agreement. 

Fig. 8 shows the effect of varying the engine intake tem- 
perature on the emissivity ratio. There is a slight tendency 
for €5/e 1 to decrease as the temperature increases, but the 
effect is small. In Fig. 9 the data are replotted as a func- 
tion of the calculated tde cylinder gas temperature. For a 
160 F change in cylinder gas temperature, the variation in 
€ 9/€ 1 appears to be negligible. For the same temperature 
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Fig. 10—Variation of emissivity ratio with engine speed 


span, Bernath, et. al.,‘®) showed a variation in their € 5/ 
€ 1 from 6.45 to 6.41. 

Figs. 10-11 show that the coolant temperature and the 
engine speed had essentially no effect on the emissivity ra - 
tio in the ranges tested. 

Temperature Measurements with Motored Air - In Figs. 
12-14 the data discussed above have been turned inside out. 
The radiation technique is considered as "calibrated, " and 
the temperatures calculated from the perfect gas law and the 
temperatures determined by the radiation technique, assum- 
ing a single value of the emissivity ratio (5. 82) at atmos- 
pheric conditions from Fig. 7, have been plotted together. 
These results show how the temperature varies with motor- 
ing conditions and also indicate how well the radiation mea- 
surement compares with the perfect gas calculations when 
a constant emissivity ratio is assumed. 

In Fig. 12, the scatter is fairly large, but a difference 
in slope of the two curves is still noticeable. This differ - 
ence results from the small change in emissivity ratio noted 
in Fig. 8. 

It is of interest to note that the cylinder gas temperature 
changes about 0. 91 F for every degree change in intake tem- 
perature but only about 0. 64 F for every degree in coolant 
temperature (Fig. 13) under these motoring conditions. These 
figures compare with values obtained from the University of 
Wisconsin work:(1) 0. 85-1.15 F per degree of intake tem- 
perature, 0.5 F per degree of coolant temperature in a mo- 
tored engine, and 0.2 F per degree of coolant temperature 


Again the agreement is satisfactory. 
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Fig. 11—Variation of emissivity ratio with coolant temperature 
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Fig. 12—Variation of tdc motored air temperature with intake 
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Fig 13—Variation of tdc motored air temperature with coolant 
temperature 


in a fired engine. The MIT work\!¥) indicated values for 
peak end-gas temperature in a fired engine under somewhat 
similar conditions of about 1.1 F per deg for intake temper- 
ature and 0.38 F per deg for coolant temperature. The agree- 
ment is well within expectations. 

The increase in cylinder gas temperature with engine 
speed, shown in Fig. 14, is attributed both to the reduced 
time for heat transfer from the gases to the cylinder walls 
and the reduced amount of work extracted from the fresh 
charge by the piston during the intake stroke at the higher 
speeds. (11) The latter effect results in a higher temperature 
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at the start of compression for higher speeds, The increase 
shown in Fig. 14 is about 90 F for a 1000 rpm change of 
speed, a figure which compares with values of around 30- 
80 F for a motored engine and 150 F for a fired engine found 
at Wisconsin, ‘4) and 50 F-100 F for a fired engine found at 
MIT(19), 

Fig. 15 shows the cylinder gas temperature, emissivity 
ratio, and pressure as functions of crank angle in a motored 
engine. The reason for the drooping emissivity ratio on ei- 
ther side of tdc is not known. As the cylinder volume in- 
creases, the emissivity ratio woul€ be expected to increase 
slightly with decreasing optical depth. The effect may be 
due simply to the poor detectability, since the radiation at 
the extremes of these data was very low. The radiation tem- 
perature was determined using €9/e€ 1 = 5. 82 from the emis- 
sivity ratio calibration curve given in Fig. 7. 

It may be noted in Fig. 15 that both the radiation and 
calculated temperatures are nonsymmetrical with respect to 
tdc. The peak in both cases is 1-2 deg after tdc, whereas 
heat losses and gas leakage from the cylinder would both 
tend to make the peak occur slightly before tde. The effect 
may have resulted from a slight reaction of the lubricating 
oil with the heated air in the cylinder. However, slight time 
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lags in the pressure pickup and the lead sulfide radiation de- 
tector may also have been involved. In both cases, the ef- 
fect seems small and should not seriously affect the general 
conclusions. 


Experiments with Motored Fuel Air Mixtures 


In Fig. 16 the cylinder gas temperatures attained in the 
motored engine with several different fuel-air mixtures are 
compared with that of air. The two runs for the 80 octane 
number primary reference blend were recorded three weeks 
apart and indicate the reproducibility of these data. 

Benzene shows an approximately symmetrical tempera - 
ture curve about tdc, indicating no preflame reaction. The 
80 octane number primary reference blend, on the other 
hand, shows clear evidence of cool flame reaction which 
raises the temperature after tdc considerably above what it 
would normally be. Isooctane also shows a slight effect of 
preflame reaction, since it is considerably humped between 
tdc and 20 deg atc. Evidence of the. preflame reactions was 
given also by the reduction of the horsepower required to 
motor the engine from 4. 0 with air to 3.8 or 3. 9 with iso- 
octane and 3.3 with the 80 octane primary reference blend. 
The characteristic aldehyde odor of the cool flame exhaust 
was also evident with the low octane fuel. 

It must be recognized at this point that with the occur- 
rence of a cool flame in the engine cylinder in this case, we 
have the first instance in which the water vapor concentra - 
tion, and consequently the optical depth, cannot be easily 
calculated from the known in'et conditions. Although the 
data in Fig. 16 are all calculated on the basis of atmos- 
pheric humidity, it is known that the cool flame reaction 
produces water, and, therefore, the temperatures indicated 
for this fuel should be corrected downward according to Fig. 7. 

A correction procedure has been devised which is based 
on the fact that the signal strength at one wavelength is pro- 
portional both to the optical depth and to the temperature. 
Thus, if the relationship between signal strength and the 
optical depth is known by experiment, a trial and error so- 
lution permits an estimate of the optical depth and a cal- 
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culation of the corrected cylinder gas temperature. This 
procedure is fully described in Appendix C. Results of the 
correction for one of the 80 octane number primary refer - 
ence blend curves of Fig. 16 is shown in Fig. 17. It may 
be seen that the correction is significant but does not change 
the character of the curve. 

Fig. 18 shows the variation in cylinder gas temperature 
with changing fuel octane number. For a 75 octane refer- 
ence blend it is concluded that the maximum temperature 
rise as a result of preflame reactions under these conditions 
is about 200 F. This may be compared with the previous ex- 
perience of Downs, Street, and Wheeler(14%) who recorded 
a 90 F rise with a fine wire resistance thermometer in a mo- 
tored engine, and the MIT group‘) which recorded about 
150 F rise with a fired engine. 

Four different factors must be considered in explaining 
the fuel-air ratio effects in Fig. 19. 


First of all, as the fuel concentration increases with any 
of the fuels, the ratio of specific heats of the mixture, k, 
decreases and consequently the temperature at the end of 
compression tends to be lower. Assuming an isentropic com- 
pression ratio of 8.6 and an initial temperature of 300F, the 
final temperatures calculated for 0.08 F/A mixtures of the 


various fuels compared to air are shown in Table 1. The- 


figures are in the same order as the corresponding curves in 
Fig. 19, but, of course, the values are much higher since 
they presume no heat losses during compression. Also, the 
magnitudes of the temperature differences are not in the 
same propostion as those in Fig. 19. 

The second factor to be considered is that of liquid fuel 
vaporization. Since all of these fuels presumably passed the 
intake port at 300 F, only that vaporization which occurs 
inside the engine cylinder should be significant. The more 
volatile the fuel, the larger should be the portion of the to- 
tal fuel supplied that vaporizes in the manifold, and the 
smaller should be the portion vaporized in the cylinder. On 
this basis, benzene should show less temperature reduction 


with increasing fuel-air ratto than isooctane. On the other 
hand, benzene has a higher latent heat of vaporization than 
isooctane, and so any portion which does vaporize in the 
cylinder should give a proportionately greater temperature 
reduction. Propane, of course, does not vaporize at all in 
the engine or manifold, and this perhaps explains the wide 
difference between it and the liquid fuels in spite of the 
small difference in isentropic compression temperatures. 

The third factor is obvious from the 80 octane primary 


Table 1 - Final Temperatures Calculated for 0,08 F/A 
Mixtures of Various Fuels Compared to Air. 


Fuel Air Propane Benzene Isooctane 


Isentropic Compression 1799 1725 1718 1699 
Temperature, R 


'R 


Radiation Temperature - 


24520-51612” (84 aT 
BIC 


4 8 12 16 2 2 128 
ATC 


Crank Angle - Degrees 
Fig. 17—Effect of the water vapor correction on the radiation 


temperature for a reacting fue 


| air mixture 


15° ATC 
incorrected 


R 


Radiation Temperature - 


75 80 85 


Wee % 100 


Primary Reference Blend - Octane Number 


Fig. 18—Variation of radiation temperature with fuel octane 


number for a motored engine 


80, PRB 

15 ATC 

Uncorrected , E 
= 


80, PRB 
IS ATC Le. 


TOC 


ies a 


Bei GaeNeial 
0. 
° 


Radiation Temperature - R 


80 PRB 
t 
nzene TDC | 
/ oO 
Isooctane TDC 
+o 


0 02 04 
Fuel 


.06 08 -10 12 
- Air Ratio 


505 


Fig. 19—Variation of radiation temperature with fuel air ratio 


for a motored engine 
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Fig. 21—Variation of radiation temperature with fuel air ratio 


reference blend, which produces extensive cool flame re- 
actions. At tdc the cool flame apparently tends to raise the 
temperature as fuel concentration increases, but the chang- 
ing specific heat overcomes that tendency at the very rich 
mixtures. At 15 deg atc the temperature increases more or 
less continuously with fuel-air ratio as a result of the cool 
flame reaction, although the data are somewhat erratic at 
the richest mixtures. 

The fourth factor involved in Fig. 19 isnot obvious from the 
figure, but apparently involves the unshielded thermocouple 
in the engine input port, and isbetterillustrated in Fig. 20. 
For these tests the carburetor inlet temperature was varied 
with the surge tank heater while the intake port thermocou- 
ple was maintained at 200 F by adjustment of the intake 
manifold wall heater. With a constant intake port temper- 
ature it might be expected that the carburetor inlet tem- 
perature would have no effect on the cylinder gas temper- 
ature. However, this was not the case. As the carburetor 
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Fig. 22—Variation of end gas radiation temperature 5 deg atc 
with throttle position for a fired engine 


temperature increased, the heat input to the wall heater in 
the manifold decreased and the radiation temperature at tdc 
in the engine increased, probably because the radiation ef- 
ror on the intake port thermocouple was decreased and 
the intake port temperature was actually going up. The 
fact that this effect occurred with propane and air in- 
dicates that fuel vaporization was not involved. The much 
larger effect with the 80 octane PRB at 15 deg atc resulted 
from the fact that the increasing intake temperature caused 
a cool flame reaction to appear. There was no cool flame 
evident at the lowest carburetor temperature (the signal was 
too weak to record a cylinder gas temperature here, but this 
temperature was known to be below 1270 R). 

From the effects noted in Fig. 20, it was concluded that 
the intake port thermocouple reading was significantly af- 
fected by radiation from the manifold walls, and that the 
intake port temperature probably was also falsified by radi- 
ation errors during the fuel-air ratio experiments illustrated 
in Fig. 19. Thus, the intake port temperature may have 
decreased with increasing fuel-air ratio, making the curves 
in Fig. 19 steeper than they would have been at constant 
intake temperature. 


Experiments with the Fired Engine 


In taking the last step from a motored to a fired engine, 
it is immediately necessary to consider the large increase in 
water vapor concentration in the end-gases which results 
from the residual exhaust gases. In the present case, this 
was handled in two ways. First, the correction procedure 
developed in Appendix C and previously used for motored- 
engine cool flames was applied to one of the standard fired- 
engine conditions which was used repeatedly (0. 08 F/A, tde 
spark, 2000 rpm, isooctane). The correction factor indi- 
cated an average optical depth of 0. 7 (10)"* moles/ft% and 
an average €5/€ 1 = 5.30 for this condition. This value was 
then used to compute radiation temperatures for all the fired 
~engine conditions studied. These values are indicated by 
circles and solid lines in Figs. 21-27, and are labeled "un- 
corrected” since they include no correction for variations in 
optical depth during the particular runs involved but only for 
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Fig. 23—Variation of end gas radiation temperature 5 deg atc 
with exhaust back pressure 


the change from motored to fired engine. Thus, the solid 
curves represent the fired-engine temperatures which would 
result if no significant variations in optical depth occurred 
throughout the fired-engine operating conditions. 

The second correction procedure consisted of applying the 
correction factor to each data point, and these results are 
indicated by dotted lines in Figs. 21-24. Comparison of 
these curves with the uncorrected curves indicates the ef- 
fect of changes in optical depth during the particular run. 

An additional consideration in the case of the fired en- 
gine was the possibility, mentioned earlier, that radiation 
from the normal hot flame in the combustion chamber might 
interfere with the end-gas temperature measurement at some 
time before the flame actually progresses all the way across 
the chamber. In anticipation of this problem, most of the 
fired-engine studies were made with a spark timing of tdc, 
much retarted from maximum power, in order to leave a 
wide range of crank angles around tdc available for measure- 
ment. 

Fig. 21 shows the effect of fuel-air ratio in the fired en- 
gine compared with that in the motored engine. The tem- 
peratures were recorded at 5 deg atc in the fired engine in 
order to avoid electrical interference from the spark dis- 
charge. It is seen that the motored engine inlet tempera - 
ture of 300 F is still insufficient to provide end-gas temper- 
atures equal to those in the fired engine with a 160 F inlet. 
This difference would seem to be due to the hot residual gas 
dilution and much hotter cylinder walls in the fired engine 
as compared to the motored engine. The steeper fall of the 
fired engine temperatures on the rich side of maximum pow- 
er fuel-air ratio (0.08) and the drop-off on the lean side 
would also appear to result from the effect of flame temper- 
atures on the combustion chamber walls. The much reduced 
burning rates at very rich and lean fuel-air ratios would al- 
so be expected to lower the peak cylinder temperatures at 
the extremes of the range, aithough this would be compen- 
sated somewhat by corresponding increases in the exhaust re- 
sidual temperatures. 
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These results are essentially the same as those found at 
MIT, (19) where the maximum end-gas temperature was 
found to be somewhere between the chemically correct fuel- 
air ratio and 20% richer. The emission-absorption technique 
at Wisconsin indicated a uniform decrease in end-gas tem- 
perature as the fuel-air ratio increased from lean to rich, ‘1) 
although with only three points measured, it {is difficult to 
determine the exact shape of the curve. 

Closing the engine throttle reduces end-gas temperatures, 
as indicated in Fig. 22. A number of interacting factors are 
again involved in this result: First, and probably dominat- 
ing, is the 25% reduction in fresh mixture charge which was 
measured for the smallest throttle opening. This reduction 
in the amount of heat released in the engine per unit time 
might be expected to decrease cylinder wall temperatures 
and in turn the end-gas temperature. Second is the increas- 
ed pumping loss (reduced amount of work extracted from 
the fresh charge by the piston during induction) which tends 
to increase the temperature at the start of compression in the 
same manner that increased engine speed does. (11) This 
effect counteracts the reduction in heat release and would 
tend to give a flatter curve than would otherwise be the case. 
Third is the increased heating of the fresh charge by a larger 
fraction of hot residual gases. This would tend to increase 
the end-gas temperature and again counteract the heat re- 
lease effect. Fourth is the effect of increased residual dilu- 
tion in reducing the burning rate in the engine. This factor 
has two compensating second-order effects: (1) it reduces 
the peak cycle temperature and consequently the wall tem- 
peratures, and (2) it increases the residual temperature. 

These same factors are involved in a slightly different 
manner when the exhaust back pressure is increased (Fig. 23). 
This experiment was run both with atmospheric induction, 
in which case the fresh charge decreased with increasing 
bdck pressure, and with a constant fresh charge. Both pro- 
cedures produced essentially the same effect on end-gastem- 
perature. The indicated power reduction resulting from an 
increase of back pressure to 14 in. Hg was 40% with atmos- 
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Fig. 25—Variation of end gas radiation temperature with crank 
angle for different spark timings 
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Fig. 26—Variation of end gas radiation temperature with fuel 
octane number for a fired engine 


pheric induction and 34% with constant air flow. The air 
flow reduction with atmospheric induction was only 11%. It 
seems evident then that in this experiment, the factor of 
heat released per unit time, which appeared dominant when 
the engine was throttled, is minor or absent. Instead, the 
factor of increased temperature at the start of compression, 
due both to the increased amount and the increased temper- 
ature of the residual fraction, appears to dominate. 

The results illustrated in Figs. 22-23 do not appear to be 
in disagreement with the corresponding data obtained by the 


velocity of sound technique. 19) In those resuits the end- 
gas temperature sometimes increased and sometimes de- 
creased with increasing ratio of the exhaust pressure to the 
inlet pressure, depending on the particular engine conditions. 

Since the correction factors in Figs. 21-23 were all rel- 
atively constant, there were apparently no significant chang- 
es in the optical depth under these conditions. 

Advancing the spark timing (Fig. 24) evidently produces 
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two distinct effects on the end-gas radiation temperature at 
5 deg atc, as evidenced by the two different slopes in the 
curve. The Slope in the flatter portion probably results from 
the effect of increased peak cycle temperatures (and con- 
sequently wall temperatures) compensated slightly by the re- 
duced residual gas temperatures resulting from more efficient 
engine operation as the spark is advanced. With spark tim- 
ings earlier than the measuring point at 5 deg atc the effect 
of end-gas compression by the advancing flame front might 
be expected to increase the end-gas temperature more steep- 
ly. However, two significant facts indicate that the change 
in slope in Fig. 24 arises from a more sinister cause. First, 
the change in slope occurs at a spark timing of 10 deg btc, 
not at 5 deg atc. Second, the correction factor, which is 
positive in this portion of the curve, indicates a decreasing 
optical depth rather than increasing, as would be expected 
from compression of the end-gas. 

It appears that the sharp rise in the indicated end-gas ra- 
diation temperature at spark advances greater than 10 deg 
btc resulted from reflected radiation from the hot normal 
flame front which entered the optical path before the flame 
reached the end-gas. From Fig. 24 it would appear that this 
influence is felt approximately 15 crankangle deg after the 
spark fires (since it first appears with the spark 15 deg before 
the point at which the temperature is measured). 

' The same type of difficulty occurred with the data in Fig. 
25. With the tdc spark advance run, the correction factor 
indicated a decreasing optical depth at crank angles greater 
than 15 deg atc, and the actual radiation traces on the os- 
cilloscope indicated that the radiation was still decreasing 
at both wavelengths as late as 25 deg atc. Thus, the end- 
gas must have been still expanding from the downward mo- 
tion of the piston. Nevertheless, the indicated temperature 
increased sharply 15 deg atter the spark fired. The only 
ready explanation for this inconsistency is that hot flame ra- 
diation superimposed on that of the end-gas beginning at 15 
deg atc. 


Since the portions of the curves in Fig. 25 which are 
more than 15 deg after the spark firing all appear to be af- 
fected by the hot flame, and the correction factors for the 
rest of the data are all minor, only the uncorrected data are 
shown to avoid confusion. 

Fig. 25 shows evidence of slight preflame reactions with 
isooctane since the curves with 10 and 20 deg atc spark tim- 
ings are unsymmetrical about tdc in the same manner as the 
motored curve in Fig. 16. With lower octane fuels (Fig. 26) 
the end-gas radiation temperature at 10 deg atc rises, indi- 
cating still more extensive reaction. The data in Fig. 26 
are again uncorrected because in this case the iteration cor- 
rection procedure failed to converge for fuel octane num- 
bers below 95. Here the correction tended to be in the right 
direction, indicating more water vapor concentration with 
lower octane fuels, but the amount was indeterminable. It 
appears that at the very high optical depths occurring in this 
instance (these were the highest encountered in this work) 
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the correction procedure breaks down for some unexplained 
reason. From experience with the motored engine, the in- 
crease in water vapor concentration resulting from the cool 
flames might be expected to have only a moderate effect on 
the overall trend, but the data must remain uncertain to the 
extent of this correction. 

Fig. 27 shows the difference in the radiation temperature 
histories for isooctane and 80 octane primary reference 
blend. The data are again uncorrected. The maximum 
difference in the two curves is here about 150 F, in fair a- 
greement with the motored engine, although correction for 
the change in water vapor concentration would be expected 
to reduce the difference somewhat. 


Conclusion 


Engine end-gas temperatures can be measured by the two- 
wavelength infrared radiation technique with adequate pre- 
cision under a variety of operating conditions. Several ad- 
vantages of the method recommend it over other techniques 
currently in use, although its most significant contribution 
to date appears to be its use as an independent source of in- 
formation on end-gas temperatures for comparison with the 
other methods. 

Limitations remaining with this temperature-measuring 
technique are concerned with the time at which radiation 
from the normal flame in the cylinder begins to interfere 
with the unburned gas temperature measurement, and the 
correction of the temperature readings for changes in optical 
depth under conditions of very high water vapor concentra - 
tion. While neither of these problems is believed to have 
appreciably affected the general conclusions reached here, 
they remain as serious factors to be solved in any future ap- 
plication of this technique. 

Unburned. gas temperatures have been shown to increase 
with increasing inlet temperature, coolant temperature, en- 
gine speed, spark advance, throttle opening, and exhaust 
back pressure, and with decreasing fuel octane number. End- 
gas temperature is a maximum near the maximum power 
fuel-air ratio and decreases for richer and leaner mixtures. 
In general, engine cylinder wall temperatures, as affected 
by the peak cycle temperature, appear to have a strong in- 
fluence on end-gas temperature. 
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Appendix I 


Effect of Temperature Gradient on Two-Wavelength Tem- 
perature Indication - As an example, the gases in the en- 


gine end-gas pocket are assumed to have a temperature dis- 
tribution as indicated in Fig. 28. The window surface tem~ 
peratures are assumed to be 900 R and the maximum gas 
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temperature 1400 R. The boundary layer in which the tem- 
perature falls by increments from the maximum value to the 
wall value is assumed to be 1/6 of the path length. Allow- 


ing the emissivity of the central portion of gas to be 0.1. and 
assuming the emissivity to be unaffected by temperature or 
wavelength, the emissivity for each of the smaller zones 
will be 0.013 by Lambert's and Kirchhoff’s Laws, The con- 
tributions to the emitted radiant energy from the different 
gas zones can then be added up using the blackbody slide 
rule, as shown in Table 2. 

If the emissivity in the central portion of the gas path is 
increased to 0.6, a similar calculation results in an average 
indicated temperature of Tayerage = 1388 R. These figures 
are to be compared with the peak temperature of 1400Rand 
the mass average temperature of 1300 R for this distribution. 

For a similar distribution it has been calculated(/) that 
the infrared emission-absorption technique would give an 
indicated temperature of about 1345 R, and the sound ve- 
locity method would give(1) a value of 1306 R. Thus, the 
two-wavelength method is seen to give the closest value of 
the three methods to the maximum temperature, and the 
sound velocity method comes closest to the mass average. 


Table 2 - Contributions to Emitted Radiant Energy from Different Gas Zones (added up on blackbody slide rule). 


At 2.55 microns 


I, = 0.013 (169. 3) 


= 2.2 watts/cm3 


Ip = 0.013 (1200) - (0. 013)2 (1200) = 15.4 
Ig = 0.1 (2465) - 0.013 [0.1 (2465)] - 0.013 {o. 1 (2465)=0. 013 [0.1 (2465)] } = 240.1 
LAr arte ce etre etts dae at otere sister MOL Te, oe aor CLC... swepngitlis Georg. cmeotrem ies gee = 13.7 
Is Sete Eee hehe pe Pee nt LY eos CLC 6.5 Se eee nS a eee = 1.9 
19.55 Sr 


At 1. 89 microns 


_ 
H 
iT] 


0. 013 (24. 1) 


Ig = 0.013 (333. 7) - (0. 013)? (333. 7) 


= 0.3 watts/cem? 


= 4.3 

Ig = 0.1 (884) - 0.013 [0.1 (884)] - 0.013 fo.1 (884) - 0.013 [0.1 (884))} = 86.2 
Iy Sn eT a SO ery ie Sl ee ee ee CLC) a. aw oN ae he ee = Dane 
LP Stace I TG, IF PA SORPEM aT) BN ClC sk ee ale Rare eae aed tet = 0.2 
11.89 = 94,8 


Ty55/1y 099° = 2.88='Bo/By 
From the blackbody radiation law: 


Ta yerage =1390.R. 
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Appendix Il 


Sample Caiculation of Cylinder Gas Temperature from 


the Perfect Gas Law - As an example, a motored-air con- 
dition is taken in which steam is added to the intake surge 
tank in order to increase the optical depth. The following 
engine data are observed: 

N = Speed = 2000 rpm 

P = Pressure at tde from indicator = 268 psia 

Wfa = Weight of fresh air metered to engine = 1. 014 


1b/min 

Pj; = Inlet surge tank pressure before steam addition = 
28.9 in. Hg 

Pi, = Inlet surge tank pressure after steam addition = 
29. 9 in. Hg 

a = Inlet Temperature = 300 F 

Te = Temperature of exhaust gas in exhaust port = 
ST7TR 

pi = Exhaust gas pressure = 14.5 psia 

Ve = Youume of combustion chamber at tde = 0. 00287 
ft 


The weight of water vapor in the fresh metered air, W,,,,, 
was estimated at 0.24%, or 
Wwo = 0.0024 (Wf) = 0. 00244 1b/min 
The weight of water vapor added to the surge tank as 
steam, Wy, is determined from the partial pressure of the 
water vapor and the molecular weights of air and water: 
Pio ~ P i 


1 
Wwa > 


18 
P; 
i 28.97 
The total weight of water in the fresh charge then is: 


(Wfa) = 0.0218 Ib/min 


Wwf = Wwo + Wwa = 0.0243 Ib/min = 0, 243 (10)~4 
Ib/cycle 


and the total weight of fresh charge is: 
Wr = Wea + Wwa = 1. 0358 1Ib/min = 0. 0010358 
Ib/cycle 
The gas constant for the wet mixture, Rm, is calculated 
from the values for air (Rg = 53.3) and water (Rw = 85. 8) as 
follows: 


_ Rw (Ww) + Ra (Wea - Wwo) | 


Rm We 


The weight of residual mixture trapped in the engine cyl- 
inder at the end of the exhaust stroke is assumed to be de- 
termined by the cylinder clearance volume, V,, and the 
pressure and temperature of the residual gas. The residual 
gas temperature is assumed to be that measured for the ex- 
haust gas in the exhaust port, Te. The residual gas pressure 
is obtained from the series of experiments illustrated in Figs. 
29-32. Fig. 29 shows the pressures measured in the engine 
cylinder with a balanced diaphragm pickup during the period 
when the residual gas is trapped. It is noted that there is a 
pronounced effect of engine speed on the pressure at tdc, 
probably the result of surge effects in the exhaust manifold. 
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Fig. 28—Assumed temperature distribution in the optical path 
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Fig. 29 — Cylinder pressure during the residual trapping period 
for three speeds 
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Fig. 30—Variation of peak residual pressure with coolant 
temperature 


It was assumed for this work that the residual trapping pres- 
sure, pr, Was the value given at tdc. Figs. 30-32 show that 
this pressure is affected somewhat by the coolant and intake 
temperatures and by the amount of water vapor added. In 
the present example, from Fig. 32, 

Pr =Pe + 11.3 = 25.8 psia 
and the weight of residual 

ad 
Wr = 


Cc 


Rm Te 


= 0. 000342 Ib/cycle 
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Fig. 31—Variation of peak residual pressure with intake 
temperature 
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Fig. 32—Variation of peak residual pressure with water vapor 
concentration 


The total weight of charge in the cylinder is: 
W; = We + W, = 0.001378 lb/cycle 


Tests showed the blowby for this engine to be of the order 
of 1% at 2000 rpm, so this factor was neglected. The perfect 
gas law then gives the cylinder gas temperature at tdc as: 


PV, 


XS H Rm Wr 


= 1491 R 

The optical depth is given by the path length, X = 2. 875 
in. and the concentration of water vapor in the clearance 
volume according to: 


7. Repeat (3) through (6) until convergence gives the 
corrected temperature and the optical depth. 

Taking asanexample the point of Fig, 21 at0.089F/A, let 
it be assumed that several trials have led to an estimated 
temperature of 1452 R. Then follow these steps: 

1, The reference condition (closed air metering system) 
has T = 1485 R, optical depth = 0.145 (10)-4 moles/ft”, and 
ly = Tis. 

2. Try 1452 R. 

3. For a change in temperature from 1485 R to 1452 R, 


TDC Radiation Intensity at 1.89 Microns - Arbitrary Units 


Ww. G, AGNEW 


Moto! 


oa 


300°F ‘Intake 


Fig. 33—Variation 

of tdc radiation 

intensity at 1.89 

microns with 

0 0.5 1.0 15 2.0 25 optical depth ina 
Optical Depth - Moles H,O/Ft” x 104 motored engine 


I, would be expected to decrease by a factor of 0. 819 (from 
blackbody slide rule). 

4, The actual intensity was 3.34 times the reference in- 
tensity, so that an intensity increase of 3. 34/0. 819 = 4. 08 
must be attributed to increased optical depth. 

5. From Fig. 33 at 4. 08 times the reference intensity of 
1.13, -the actual optical depth must be 0. 430 (10)-4 moles/ 
fo) 

6. From Fig. 7, €9/€ 4 = 5.62, and calculating from 
Eq. (4), T = 1452 R. 

7. The calculated temperature agrees with the assumed 
value, so the result is acceptable. 


Appendix Ill 


The Correction of Temperature Measurements for Optical 


Depth Variations - In order to calculate the cylinder gas 
temperature from the measured intensity ratio, it is neces- 
sary to know the emissivity ratio, and, according to Fig. 7, 
this in turn requires that the optical depth be known. In cases, 
where the water vapor concentration in the engine (optical 
depth) is not known, it is possible to estimate this quantity 
from the intensity of radiation at any single wavelength since 
the intensity increases continuously with optical depth as 
well as with temperature. 

Fig. 33 illustrates a typical relationship observed between 
the intensity of radiation at 1.89 microns and the optical 
depth. These data were recorded with a motored engine 
operating with steam added to the intake air, This relation- 
ship varies somewhat as the engine window becomes dirty, 
as the optical alignment varies, and as the detector sensi - 
tivity varies. However, the correction procedure in most 
cases is relatively insensitive to this variation and only a 
crude estimation of optical depth appears necessary. 

Although Fig. 33 represents the variation of intensity with 
optical depth at a constant temperature (see Fig. 6), in the 
usual case both temperature and optical depth are unknown 
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variables. The temperature calculation depends on the op- 
tical depth (via €9/€4), but the optical depth is determined 
from the intensity, which depends also on the temperature. 
Thus, a trial-and-error solution is required. The iteration 
procedure is as follows: 

1. Choose a reference condition for which the temper- 
ature, radiation intensity, and optical depth are all known. 
(The lowest data point on Fig. 33, corresponding to the 
closed air metering system, was generally used. ) 

2. Calculate the temperature using the emissivity ratio 
determined from Fig. 7 assuming no change in the optical 
depth from the reference condition, or assume some reason- 
able value of the temperature. 

3, Calculate the change in intensity from the reference 
condition which would be expected to result from the dif- 
ference in temperature alone (using the blackbody law). 

4. Compare the actual intensity change from the ref- 
erence with that expected from temperature alone. Any dif- 
ference is presumed due to a change in optical depth, 

5. From the change in signal attributed to optical depth 
and the relationship illustrated in Fig. 33, determine the 
change in optical depth from the reference. 

6. From the optical depth so determined, find a new 
value of emissivity ratio from Fig. 7 and recalculate the 
temperature. 


Discussion 


Value of the Emissivity Ratio 


John T. Agnew 
Purdue University 


AS A CONSULTANT to General Motors, I have been work- 
ing with Mr. Agnew on this particular project for several 
years, so it is difficult for me to make either a constructive 
or an adverse criticism which we have not discussed many 
times in the past. 

I would, however, like to comment on two particular as- 
pects of this technique of end-gas temperature measurement. 
The first has to do with the data shown in Fig. 12, concern- 
ing the comparison of the motored air temperature as cal- 
culated from pressure card data and the perfect gas law, and 
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the temperature as measured by the two-wavelength radia - 
tion method. It was reassuring that these temperatures a- 
greed quite well with a reasonable value of the emissivity 
ratio, but a rather disconcerting fact still remains which 
may need further consideration. This is the fact, as was 
pointed out in the paper, that the radiation temperature 
probably corresponds more closely to the maximum gas tem- 
perature, whereas the temperature calculated from pressure 
card data and the perfect gas law shouid correspond more 
closely to the mass average temperature. Since the differ - 
ence between these two temperatures can be as much as 100 
F at the 1000 F level, it would seem that the emissivity ra- 
tio used to calculate the radiation temperature should be re- 
vised. This assumes, of course, that the methods for cal- 
culating the mass average temperature are beyond reproach. 

My second comment has to do with the primary difficul- 
ty with this method of temperature measurement; the fact 
that the emissivity ratio is critically dependent on the op- 
tical depth of the engine end-gas. It is believed that this 
difficulty, could be largely overcome by improving the cal- 
ibration technique for emissivity ratio as a tunction of op- 
tical depth. This probably could be done more satisfactori- 
ly in a separate accurately instrumented flow experiment in 
which the detecting instrument could view a constant tem- 
perature stream of air of known thickness and water vapor 
content. This more precise calibration, combined with the 
iterative correction technique described in the paper, should 
allow more accurate temperature measurement by the two- 
wavelength method. Such experiments would also provide 
calibration data relative to the temperature distribution 
problem. 

One final point which may be lost in the presentations to- 
day concerning the various methods of measuring end-gas 
temperature, is the fact that we are very close to if not ac- 
tually to the point where end-gas temperature can be mea- 
sured, even under conditions where considerable pre-reac- 
tion has taken or is taking place. Calculation of end-gas 
temperature with pressure card data and an equation of state 
is not only difficult but probably impossible under these con- 
ditions. Therefore, we have at our disposal techniques for 
gaining an insight into the factors limiting the performance 
of internal combustion engines, insofar as the combustion 
process itself is concerned, whether this combustion limi- 
tation is autoignition of the end-gas, or particle ignition of 
the primary mixture. 


Table 1 - Summary of Comparative Defined 


Temperatures 
Tos = 1400 F (Free- Stream) 
TIR =1345R (Gas Radiation) 
Tsvy =13806R (Sound Velocity) (4) 
Tom = 1801 R (Mass Mean) 
TsmM =13820R (Space Mean) 
TAM =1150R (Arithmetic Mean) 


KNOWLEDGE of the measured pressures and temperatures in 
an engine can greatly aid the analyses of processes leading 
to combustion. Both of these properties, when properly de- 
fined and accurately measured as a function of time, can 
be used to study knock, heat transfer, and other phenomena. 

The Subcommittee on the Fundamentals of Detonation 
of the Coordinating Research Council, Inc. , (CRC), recog- 
nized the need for measurement of the temperature-pressure- 
time history of the end gas prior to the occurrance of knock 
in a firing engine. In 1953 they published the results of a 
feasibility study of four methods for measuring end-gas and 
compression temperatures (1)*. These methods included: 

1, Thermocouples. 

2, Determination of the velocity of sound. 

3. Emission of electromagnetic radiation. 

4. Absorption of electromagnetic radiation. 

Subsequent to that study, three measuring techniques were 
developed, under CRC sponsorship, into instruments capable 
of measuring temperatures of the gases in an engine. They 
were: 


1. Thesound-velocity method at Massachusetts Institute 
of Technology. 


“Numbers in parentheses designate References at end of 
paper. 
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S. Shimizu 
Nagoya University, Japan 


P. S. Myers, and O. A. Uyehara 


University of Wisconsin 


2, The iodine absorption pyrometer at the University of 
Wisconsin. 

3. The infrared radiation pyrometer, also at the Uni- 
versity of Wisconsin. 

The sound-velocity technique of temperature measure- 
ment is described thoroughly in the literature (2) (3) (4), and 
preliminary results obtained by the iodine absorption pyro- 
meter have been published (5). The infrared radiation py- 
tometer will be described in this paper together with simul- 
taneous and comparative temperature-time histories obtain- 
ed by the other two instruments. 


Factors Influencing Measured Gas Temperatures 


The actual temperature measured in a given volume of 
gas in the chamber of an engine depends on the boundary 
conditions and thermal gradients present in the gas at the 
instant that the measurement is made. Thus, any technique 
for measuring the gas temperature must be analyzed for the 
effect of the nonisothermal behavior of the gas as well as 
the effect that the measuring technique itself may have on 
the gas volume being studied. 

Unlike pressures in the engine cylinder, which are nor- 
mally equalized rapidly throughout the volume of gas, tem- 
peratures are not the same in all parts of the gas when heat 
transfer and gas motion are present. Thus, there are vari- 
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Ous “temperatures” that can be defined in a given gas vol- 
ume. In the absence of walls and high gas velocities which 
may Cause temperature gradients, the temperature of the gas 
is uniform and is called the free-stream temperature. As 
the influence of the walls and gas movement becomes ap- 
parent, temperature must be defined, that is, free-stream 
temperature, mass mean temperature, arithmetic meantem- 
perature, or average measured temperature. In addition, 
when chemical reactions are present, there may be temper- 
ature gradients in the molecules themselves, in which case 
one can speak of rotational, vibrational, and electronic tem- 
perature as well as the translational temperature of the gas 
molecules. 

Since the temperature gradients and gas motion cannot 
be avoided in the operating engine, their influence must be 
known before the appraisal of a measuring technique is com- 
plete. 


Analytical Comparison of Measuring Techniques 


A convenient method of comparing the gas temperatures 
measured by the various techniques is that of computing an 
average measured temperature for each technique of a gas 
volume with an assumed temperature profile along its length 
These temperatures can then be compared with values of the 
arithmetic mean temperature, mass mean temperature, and 
so forth, for the same volume of gas. Such a computation 
was made for the assumed temperature profile in Fig. 1 us- 
ing the equations for the various comparative temperatures 
given in appendix II. 

For wall temperatures of 900 R, free-stream temperature 
of 1400 R, and boundary layer as shown, comparative de- 
fined temperatures are summarized for a 6/L ratio of 1/3 in 
Table 1. 

The physical meaning of the various comparative tem- 
peratures must now be considered in order to evaluate the 
significance of the average measured temperatures. Since 
the arithmetic mean temperature is merely the average of 


the wall and free-stream temperatures of the gas volume, 
it has little real value. The same is true for the space mean 
temperature, since it is the mean value of the temperature- 
distance diagram in Fig. 1. The mass mean temperature 
is the temperature obtained if the gases are adiabatically 
mixed until thermodynamic equilibrium is achieved. 

The two temperatures that have the greatest significance 
in a gas volume within the engine are probably the free- 
stream or peak gas temperature and the mass mean temper- 
ature, since the first would give the maximum rate of chenmr 
ical reaction and the second the energy present at a given 
time. If two of the measuring techniques are compared with 
the free-stream and mass mean temperatures for a series of 
temperature profiles, the results are as shown in Figs. 2 and 
3. It may be seen that the sonic-yelocity instrument mea- 
sures a temperature near that of the mass average, and the 
infrared pyrometer measures a temperature close to the peak 
gas temperature, 

The choice of the measuring technique obviously depends 
on the measurement of temperatures which have the great- 
est effect on the physical parameters being varied. For ex- 
ample, the peak temperature is probably the most impor- 
tant temperature in controlling end-gas reactions, whereas 
the mass-mean temperature is probably the most important 
temperature in controlling the total heat transfer in the en- 
gine chamber. 

It may even be possible to obtain information on the actu- 
al temperature gradients in the engine chamber by simul- 
taneously using measuring techniques with different charac- 
teristics, 


Infrared Radiation Pyrometer 


To measure the gas temperatures in the engine chamber 
before ignition, it is desirable to have the pyrometer 

1, Sensitive to the low level of gas radiation present in 
the measuring zone. 

2, Respond to extremely rapid temperature fluctuations. 
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3. Give consistent, reproducible, and accurate results. 

4, Offer minimum interference with the engine com- 
bustion chamber. 

A radiation pyrometer has the distinct advantage of hav- 
ing little or no effect on the gases and hence on their tem- 
perature. However, for maximum sensitivity it should util- 
ize a wavelength band in the infrared rangé, since the prin- 
cipal radiation from the compression gases is in that range 
(6) (7). After considerable experimentation using water va- 
por as the sensing medium in the compression gases, an in- 
strument was developed similar in principle to those utiliz- 
ing sodium line reversal but much more sensitive to tem- 
peratures of the gases before ignition (7). 

Principle of Operation - The required components of 
the infrared radiation pyrometer are shown schematically in 
Fig. 4. Radiation from the hollow cavity of the sources pass- 
es through sapphire windows and the gases in the engine 
chamber to a quartz lens which focuses the radiation on an 
infrared-sensitive detector. An interference filter placed 
between the lens and the detector restricts the radiation fall- 
ing on the surface of the detector to a wavelength band from 
2.5 to 2.9 microns (10°4 cm). Since the transmitted wave- 
length band corresponds to the emission-absorption bands of 
water vapor and carbon dioxide, radiation from those gases 
is transmitted to the detector along with a portion of the 
source radiation. 

Equations describing radiation received by the detector 
are discussed in appendix II. Briefly, they can be summar- 
ized as follows: If the engine cylinder is assumed to have 
transparent walls, radiation can pass from the black-body 
source through the gas and filter to the detector. If there 
is negligible gas present in the chamber (corresponding to 
intake in the engine), the detector will receive radiation 
from the black-body source alone, restricted only by the 
spectral filter which transmits radiation from 2,5 to 2, 9 mi- 
crons. When the gas in the chamber increases in pressure 
and temperature (corresponding to compression in the en- 
gine), the detector will receive radiation from the gas in 
addition to the portion of radiation from the source that is 
unabsorbed. 

When the absorption of black-body radiation by the gas 
is exactly equal to the radiation emitted by the gas itself, 
the radiation received by the detector will be exactly the 
same as that received from the black-body source alone, 
This condition is defined as the null point, or point at which 
the gas temperature equals exactly the blackbody source 
temperature. Therefore, for every source temperature, there 
is a corresponding equal gas temperature, and a seriesof null 
points result in a measured temperature-time curve. The 
so-called null method is a point-by-point technique; that 
is, one gas temperature is measured at a particular time or 
crank angle, and a certain minimum time is required tore- 
cord one complete cycle of temperature-time data from many 
cycles of operation. 

If a mechanical chopper is placed between the black- 
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body source and the gas in the chamber, and its blades emit 
negligible radiation, an additional radiant flux that is pro- 
portional to the gas radiation alone will be received by the 
detector. The three levels of radiation, when measured in 
terms of intensities, result in the following equation: 


in ee eee 


I3 X \TiR Tp 


where the terms are as defined in appendix 1. From Eq. (1), 
the null method of operation is evident when Ij equals Ig. 
Then it is apparent that the measured gas temperature must 
equal the black-body source temperature. From the equa- 
tion, it appears that the gas temperatures can be measured 
as a function of time for the entire engine cycle with a given 
source temperature. However, as will be shown later, the 
chopped method of operation of the pyrometer does not have 
the accuracy of the null method and, therefore, was not used 
in obtaining the final engine data. 

Instrument Components and Their Characteristics - The 
preceding analysis of the operation of the instrument includ- 
ed only ideal components. The limitations of the compo- 
nents themselves must be considered as well as the factors 
to be considered in applying the pyrometer to the engine en- 
vironment. 

The reference source for the pyrometer was a uniformly 
heated cylindrical cavity with a thermocouple mounted in 
its interior as shown in Fig. 4. The walls of the cavity were 
uniformly oxidized iron resulting in an overall emissivity of 
0. 98 for the cavity which required only a few degrees’ tem- 
perature correction. 

The engine was equipped with transparent windows to 
transmit the radiation through the engine. Artificial sap- 
phire was used because of its strength and hign transmission 
of radiation in the 2. 7 micron wavelength range. Radiation 
losses through the wo ndows as well as those due to the slow 
accumulation of dirt on their inner surfaces were corrected 
in terms of the measured temperature of the gas (see appen- 
dix II). For accurate measureinents, the direct accumula- 
tion was not allowed to become greater than that which 
would produce a 5% reduction in transmission. In most cases 
this did not impose any limitations on the operation of the 
engine as long as excessive oil accumulation in the com- 
bustion chamber was avoided. 

A lin. diameter quartz condensing lens stopped down 
to an aperture of about 0.5 in. focuses the radiation from 
the source and engine gases on the surface of the detector 
with a demagnification of 6 to1. The short focal length 
of the lens (1.5 in.) keeps the length of the entire appa- 
ratus at a minimum for convenience, Limiting apertures 
along the entire optical length eliminate internal reflections, 
one cause of measurement errors. As a further precaution, 
the interior of the pyrometer was coated with carbon. The 
Pyrometer was experimentally checked on a bench setup for 
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optical alignment and the assurance that only radiation with- 
in the volume of gas between the windows was received by 
the detector. 

A multilayer interference filter was used to isolate the 
2. 7 micron band of water vapor. Its transmission charac- 
teristics proved to be adequate for good separation of the 
wavelength band between 2.5 and 2.9 microns as well as 
overall high transmission with a maximum of 75% at 2.6 mi- 
crons. 

It is readily observed that all of the preceding compo- 
nents of the pyrometer are essential, and any one of them 
is capable of determining the success or failure of the in- 
strument to measure gas temperatures adequately. However, 
when considering pyrometer sensitivity only, it was found 
that the detector was the limiting factor, since the improve- 
ments in the rest of the pyrometer were insignificant when 
compared with a sensitive or insensitive detector. 

The maximum radiation during combustion is 10% times 
that during the compression stroke. This makes it necessary 
for the detector to withstand the intense radiation during the 
combustion and exhaust phases of the engine cycle and re- 
cover to measure the low-level radiation during the com- 
pression stroke. Initially, lead sulfide detectors were used 
in the pyrometer. However, when exposed to combustion 
radiation, they rapidly developed a fatigue characteristic 
that affected their response to the low-level radiation. A 
rotary shutter was, therefore, inserted to prevent combus- 
tion and exhaust radiation from reaching the detector. A 
recently developed detector (8) made of gold-doped germa- 
nium and cooled to liquid nitrogen temperature has proved 
to be much more stable and does not require the use of aro- 
tary shutter. The sensitivity of the germanium detector is 
about equal to the lead sulfide detector for spectral radia- 
tion at 2.7 microns. The time required for the gold-doped 
germanium detector to respond to a step function of radia- 
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tion is 0.2 x 10-6 sec as compared with 100 x 107° sec for 
evaporated-type lead-sulfide detectors. Chemically de- 
posited lead-sulfide detectors of similarsensitivity were 
even slower in response (300 x 107° sec) and caused an 
error of as much as 100 R in temperature measurement when 
the engine was motoring at high speed. 

The detectors used in the infrared radiation pyrometer 
were photoconductive in nature; that is, their resistance was 
proportional to the radiant energy impinging on the sensitive 
surface area. The detector was connected in one side of a 
bridge circuit as shown in Fig. 5. The bridge was coupled 
to a cathode follower output, and the signal was transmitted 
via coaxial cable to the vertical axis on an oscilloscope. 


Engine Instrumentation 


The infrared radiation pyrometer was used to measure the 
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gas temperatures in three different combustion-chamber con- 
figurations: 

1. A modified 7-hole CFR head used during the instru- 
ment development phase. 

2. A specially pocketed combustion chamber made for 
comparison tests in cooperation with MIT. 

3. A modified ell-head combustion chamber used for 
comparison tests with the iodine-absorption pyrometer, 

The rest of the engine consisted of a standard high-speed 
CFR crankcase with all of the accessory drive shafts. 

Engine load was supplied by a cradled dc dynamometer, 
The fuel and air were metered separately by a calibrated 
flowmeter and critical-flow orifices, respectively, and mixed 
in a steam-jacketed mixing tank before entering the engine. 
Inlet pressure was controllable over a wide range, and ex- 
haust pressure was held at one atmosphere. Cooling water 
in the jacket was controllable in the range 60 - 210 F. 

To measure the compression gas-temperature by the null 
method, the engine was instrumented as shown in Fig. 6. 
Several sets of breaker points were installed on the engine 
accessory drive shafts to trigger the oscilloscope at the prop- 
er instant for the measurement of both the radiation and pres- 
sure signals, Fig. 7a shows the radiation and pressure signals 
as they would appear on the oscilloscope when the engine 
was motored without fuel and the oscilloscope had a long 
sweep duration. When the sweep duration was reduced sev- 
eral times, the oscilloscope display appeared as shown in 
Fig. 7b with line X corresponding to engine intake condi- 
tions and line Y corresponding to engine compression. The 
crossing point of the two lines was readily determined by 
adjustment of a breaker connected to a high-voltage source 
and timing light which illuminated the timing marks on the 
flywheel, The pressure-time signal was altered in shape by 
a breaker and calibrated potentiometer so that gas temper- 
ature and pressure could be obtained simultaneously at each 
crank-angle, 

The black-body source was slowly heated, and the data 
on temperature, pressure, and crank angle were recorded, 
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This procedure required that the data be recorded over a 
number of engine cycles, the average time for a complete 
record being 10 to 15 minutes. 


Analysis of Measured Gas Temperatures 


Extensive engine data were taken by the infrared pyro- 
meter to evaluate the instrumentation and recording method. 
Each set of data was analyzed with regard to its reproduci- 
bility, accuracy, and internal consistency, 

The reproducibility of the infrared pyrometer was check- 
ed on many motored runs taken on different days and with 
several different configurations of the optical system in the 
pyrometer. The results are shown in Fig. 8. The maximum 
scatter in the measured gas temperatures was +22R, Fired 
engine data by the pyrometer also showed good reproduci- 
bility over a shorter period of time (Fig. 9). 

Because of the speed with which the engine phenemena 
occurred, the accuracy of the infrared pyrometer could not 
be directly measured. For this purpose, the engine was re- 
placed by a steady-flow system which provided gas temper- 
atures up to 1300 R and velocities as high as60 fps, Although 
the pressure in the duct was atmospheric, engine conditions 
were approximated by artificially controlling the water-va- 
por content of the air passing the measuring zone in the heat- 
ed duct section. The instrument responded to variations of 
the moisture content of the gas except when the gas and 
source temperatures were equal. Thus, the null point could 
be found without varying the gas temperature. Reference 
temperatures of the gas were obtained by a shielded thermo- 
couple probe which could be traversed through the entire 
cross section of the measuring zone, 

Accuracy of the null method of recording gas tempera- 
tures was within +5 R of the probe temperature when suffi- 
cient water vapor was present in the hot gases passing through 
the duct (Fig. 10). Additional data were obtained for three 
different path lengths and varying water-vapor density in the 
gas. These results are shown as representative curves in Fig. 
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11 along with the typical water-vapor density near the start 
of compression in the engine (intake air at 540 R and 80% 
relative humidity). 

The chopped method mentioned earlier as a possible means 
of recording data showed consistent inaccuracies which varied 
according to the curve inFig. 12. Engine data by this method 
showed that a temperature correction was necessary which 
depended on the black-body source temperature and the ten- 
perature difference between the black-body source and the 
gas. Causes for the errorsin measurements by the chopped 
method were not obvious and could be due to: ; 

1, Improper bandwidth of the pyrometer for nonequili- 
brium measurements. 

2. Inequality of the total gas emissivity and total gas 
absorptivity for nonequilibrium conditions. 

Since the null method of recording gas temperatures re- 
quired no correction other than that for the source and win- 
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dows, it was considered the best method of operation for ob- 
taining the radiant gas temperatures reported herein. How- 
ever, it did have the disadvantage of requiring a number of 
engine cycles to obtain a complete curve of temperature 
against crank angle. 

To estimate the accuracy of the engine data, it was pos- 
sible to compare the measured gas temperatures with those 
calculated for isentropic compression according to the equa- 
tion 

ry AV No)ie (2) 


where point 1 is the point of closing of the intake valve 
and point 2 is any point on the compression stroke. 
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Measured weight flow, estimated weight of clearance 
gas, and measured pressure were used to determine the ini- 
tial temperature in the chamber, and Modified Air Charts 
(9) were used to obtain the isentropic compression data. 
Another comparison was made with the average tempera- 
ture calculated from the measured pressure and volume and 
based on the measured temperature at 300 deg crank angle. 
Results of these comparisons are shown in Fig. 13, The mo- 
tored runs show measured gas temperatures and compara- 
tive calculated average gas temperatures at three different 
engine speeds. 

It has been stated earlier that the measured gas temper- 
atures by the infrared radiation pyrometer departed from the 
mass-average temperature with increasing thickness of the 
boundary layer. This would be the case in the engine when 
the gases are compressed assuming a nearly constant value 
of wall temperature. It would be even more pronounced in 
an engine with a pocket or end-gas region where the gas path 
is very short. 

In order to evaluate the internal consistency of the data 
within itself, the measured temperatures were plotted log- 
arithmically against pressure for the motored data already 
discussed, and the slopes of the In T - In P curves were mea- 
sured to find the apparent polytropic exponents for the en- 
gine processes (Figs. 14 and 15). Departure from the isen- 
tropic value n = k was considered due to the heat transfer 
from the gases to the walls and the thermal boundary-layer 
influence on the measured radiant gas temperatures. 

The weight of charge derived from measured tempera- 
ture, pressure, and volume was plotted against crank angle 
in the form W/W3;, to show its constancy as derived from 
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the three measured quantities. Its fluctuation with crank 
angle can be explained on the basis of the thermal boundary 
effect. Since the measured gas temperatures were above 
the mass-average temperature, the result was a lowering of 
the apparent mass weight in the cylinder as the gas temper- 
ature increased because of compression by the piston. 


Comparative Engine Data 


Comparative engine data were obtained on a specially 
pocketed chamber with the infrared pyrometer and velocity- 
of-sound instrument mounted as shown in Fig. 16. Simul- 
taneous temperature measurements of the same gas volume 
were taken in this manner, with the pyrometer having a 3/4 
in. path length and the velocity of sound transducers having 
a 5/8 in. path length. The final comparison of measured 
gas-temperatures by both techniques is shown in Fig. 17, Re 
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producibility limits tor the simultaneous measurements var- 
ied from +20 to +30 R over the temperature range. Both in- 
struments were operated under less than favorable conditions 
the infrared pyrometer having a much shorter gas path than 
usual and the velocity-of-sound instrument a longer path 
than was customary. 

The analytical effect of the boundary layer on the mea- 
sured temperatures by the two techniques was considered 
earlier; now the experimental data can be compared on the 
basis of a temperature gradient and plotted in the form shown 
in Fig. 18. The shaded portion represents the final com- 
parison data. Both the analytical and experimental data 
have the same trend, and the apparent increase in the bound- 
ary-layer thickness is not surprising when considering the de- 
creasing velocity in the measuring zone as the piston ap- 
proaches top dead center. 

The infrared pyrometer was also used to record compara- 
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tive engine data on the ell-head engine used for the develop- 
ment of the iodine-absorption pyrometer (10). Gas temper- 
atures measured by the iodine-absorption pyrometer showed 
characteristic humping in the earliest data (5); and, despite 
extensive refinement of the instrument (10) (11), the hump- 
ing characteristic shown in Fig. 19 persisted. Temperature 
data by the infrared pyrometer on the same engine operat- 
ing at identical conditions and using the same optical path 
had no evidence of the anomalous behavior of the iodine- 
absorption pyrometer data (Fig. 20). 

Subsequent investigations showed no measurable effect 
of pressure on thé absorption pyrometer, or of iodine on the 
temperature measured by either the absorption pyrometer 
or the infrared radiation pyrometer. Since the absorption 
pyrometer itself was operated as close to the ideal as pos- 
sible, the temperature differences between the two tech- 
niques have been postulated to be due to the lack of equi- 
partition of energy of the iodine molecules (10). The in- 
frared pyrometer avoids this problem, since the energy at 
2.7 microns appears to be purely thermal in nature. 


Effect of Engine Variables 


Engine data by the infrared radiation pyrometer were re- 
corded for a variety of engine operating conditions. The 
variables studied included spark setting, engine speed, cool- 
ing- jacket temperature, fuel-air ratio, and octane number. 
The results are analyzed and compared with previously re- 
ported engine data obtained by other methods, 

Spark Setting - As the spark timing is retarded, both 
the residual gas weight and the temperature change. These 
two changes have opposite tendencies; one tends to increase 
the mixture temperature while the other tends to decrease 
it, Fig. 21 shows temperature - crank-angle data for spark 
settings of 20, 10, and 0 deg crank angle before tdc. There 
is apparently little resultant effect prior to the passage of 
the flame front in the open-chambered CFR engine. The 
ell-head chamber shows a much more pronounced effect of 
spark advance (Fig. 20). Temperatures measured prior to 
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passage of the flame differed by as much as 150 R. It is ob- 
vious that the location of the measuring zone had a large 
effect on the differences noted between the two sets of data. 
Velocity-of-sound measurements on the specially pocketed 
engine showed even more effect, with as much as 250 R dif- 
ference noted for wide ranges of spark setting (3). 

Engine Speed - Engine data by the infrared pyrometer 
under motored and fired conditions (Figs. 13 and 22) showed 
an increase in the compression gas temperature with speed. 
In all of the data shown, the greatest temperature differ- 
ences caused by the speed of the engine occurred near top 
dead center, where the effects of heat transfer between the 
walls and the gas were largest. A similar effect of speed 
was obtained by the velocity-of-sound instrument on both 
an open and a pocketed chamber (3). That data differed 
from the data presented here mostly at the early crank angles 
of measurement, where the differences in gas temperatures 
due to speed variations were larger than those indicated by 
the infrared pyrometer. Gas-temperature - crank-angle data 
by the iodine-absorption pyrometer were inconclusive when 
engine speed was varied because of the humping character- 
istics of the data mentioned earlier (10) (11). 

Cooling-Jacket Temperature - There is a very small 
effect on the compression gas temperatures resulting from 
changing the cooling-jacket temperature. Fig. 23 shows that 
a change of 70 R in the cooling-jacket temperature resulted 
in a gas-temperature difference of about 20 R. Compara- 
tive data by the velocity-of-sound instrument showed simi- 
lar results (3). 

Fuel-Air Ratio - The effect that the fuel-air ratio has 
on the compression gas temperatures in the engine depends 
on the residual gas and the inner wall temperatures in the 
cylinder. Since the gas temperature of the burned mixture 
increases as the fuel-air ratio changes from a rich to stoichi- 
ometric mixture ratio, the temperature of the residual gases 
and the inner wall temperatures will similarly increase, caus- 
ing the effect on temperatures shown in Fig. 24. The spark 
advance was the same in all the runs, resulting in different 
crank angles at which the flame front passed in front of the 
Pyrometer windows. However, since the spark-advance data 
showed little effect on the compression temperatures, the data 
in Fig. 24 should not be affected appreciably by an adjust- 
ment of the spark advance. Comparable data by the sonic- 
velocity technique showed similar trends, with maximum 
temperatures obtained at a stoichiometric mixture ratio (3). 

Fuel Octane Number - Fig. 25 shows the effect of octane 
number on the compression gas temperatures. Several sets 
of data are shown for both 100 octane (isooctane) and 175 oc- 
tane (isooctane, n-heptane blend). Comparative curves from 
Figs. 13b and 24 show the influence of air alone and the var- 
iation of fuel-air ratio, respectively. These data differ from 
those obtained by the iodine-absorption pyrometer in both 
preliminary (5) and final measurements (10). The infrared 
Pyrometer shows that the use of lower-octane fuel results in 
higher temperatures, in agreement with early data by the 
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sonic-velocity instrument at very low compressionratio (5). 
The iodine-absorption pyrometer, on the other hand, showed 
that the use of higher-octane fuel resulted in higher com- 
pression gas temperatures. Possibly this was due to the shape 
of the combustion chamber, but since it has not been re- 
peated by the other measurement techniques, this may be 
an anomalous characteristic of the iodine molecules them- 
selves, 

The polytropic exponent n and the weight ratio W/W330 
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were calculated for all of the fired engine data and are pre- 
sented in Fig. 26. The general trends of the curves showing 
the polytropic coefficients and weight ratios are similar to 
those for the motored engine. Again the data show that the 
apparent mass weight decreases as measured gas tempera- 
ture increases faster than the mass-average temperature. 


Extended Applications 


There is a wide range of variables that can be investigated 
with a temperature-measuring instrument of this kind. How- 
ever, as with any instrument, its limitations must be known 
and its results analyzed properly. The gas boundaries are 
an example of this. 

The data presented in the previous section were for the 
purpose of evaluating the usefulness of the instrument rather 
than a detailed study of the engine processes. There are 
many similar areas of investigation in which gas tempera- 
ture measurements by the infrared pyrometer would be use- 
ful. A few of these are 

1. The influence of fuel type on gas temperatures. 

2. The relation of compression gas temperatures and en- 
gine chamber deposits. 

3. Combination of techniques for measuring gas tem- 
peratures and chamber surface temperatures to determine 
the total heat transferred through the engine walls as a func- 
tion of time. 

4. The relation of the preflame reactions to the max- 
imum gas temperatures present during compression of the 
gas mixture. 

It is emphasized that the infrared pyrometer isnot the only 
technique that can be used to measure these gas tempera- 
tures. As stated before, the selection of the measuring tech- 
nique will depend on the character of the boundary layer of 
the gas, the gas volume available, and the kind of mea- 
sured gas temperature desired. 


Conclusions 


1. Any technique which is to be used for the measure- 
ment of gas temperatures in an engine is influenced in some 
manner by the boundaries of the gas. For a given technique 
and an assumed gas temperature profile, the measured gas 
temperature can be evaluated and compared with other de- 
fined temperatures. 

2. The infrared pyrometer, utilizing water vapor as the 
sensing mediuin and the null method of data recording, is 
capable of measuring gas temperatures under ideal condi- 
tions to within +5 R as demonstrated by the steady-flow sys- 
tem. The gas temperature of a nonisothermal layer of gas 
can also be measured, but its meaning is subject to the na- 
ture of the boundaries. 

3. The reproducibility of the measured gas temperatures 
by the infrared pyrometer depends on the density of the water 
vapor in the measuring alone and the overall sensitivity of 
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the instrument. Water vapor normally present in the intake 
and clearance gases of the engine are sufficient to give re- 
producible readings within +20 R, using the null method of 
recording data. 

4. The infrared pyrometer, when measuring the appar- 
ent temperature of a volume of gas in the engine, measures 
a temperature weighted toward the peak temperature in the 
gas, whereas the sonic-velocity instrument measures a gas 
temperature weighted towards that of the mass-average tem- 
perature. 

5. Comparative engine data using first the iodine-ab- 
sorption pyrometer and then the infrared pyrometer showed 
that gas temperatures measured by the former technique had 
a humped characteristic which was not evident in those mea- 
sured by the infrared pyrometer. Exhaustive tests of the io- 
dine-absorption pyrometer did not resolve the differences 
between the comparative gas temperatures. Thus, it was 
reasoned that the iodine molecules were not in apparent ther 
mat equilibrium with the other gases in the combustion 
chamber. 

6. Engine data obtained by the infrared pyrometer are 
reproducible within +20 R and appear to have internal con- 
sistency and accuracy when compared with theoretical cy- 
cles. Engine data showing the effect of varying selected en- 
gine parameters illustrate the applicability of the infrared 
pyrometer to the measurement of gas temperatures. 
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Appendix 1 — Symbols 


Ag(\, p, Tg) = monochromatic absorptivity of gas ata given 
pressure and temperature 

Aw(A, Tw) = monochromatic absorptivity of an engine 
window at a given temperature 

a(A,p,Tg) = togarithmic decrement of radiation, defined 
as (1/L) In[1 - Ag (A, p, Tg)] cm-l 

C1 = first constant in Wien's (and Planck's) radi- 
ation formula, 0,599X10-12 watt cm2 

C2 = second constant in Wien's (and Planck's) 


radiation formula, 2,588 cmR 
Cp = specific heat of gas at constant pressure 


Eg(\, P. Tg) 


H 
Ib(A, Tp) 


Iw(A, Tw) 
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monochromatic emissivity of gas at a given 
pressure and temperature 

enthalpy of gas 

monochromatic intensity of a black-body 
source at a given temperature 
monochromatic intensity of a gas radiating 
as a black-body at a given temperature 
monochromatic intensity of an engine win- 
dow radiating as a black-body at a given 
temperature 

intensity of radiation received by detector 
from radiation source alone 

intensity of radiation received by detector 
from radiation source and gas 

intensity of radiation received by detector 
from gas alone 

length of gas path from wall to center of 
measuring zone 

mass of gas 

gas pressure, gas pressure at state 1, and 
gas pressure at state 2, respectively 
arithmetic mean temperature 

apparent radiant gas temperature measured 
by infrared pyrometer 

mass mean temperature 

space mean temperature 

apparent gas temperature measured by 
velocity-of-sound instrument 

temperature of black-body radiation source 
gas temperature, gas temperature at state 
1, and gas temperature at state 2, respec- 
tively “ 

window temperature 

free-stream temperature of gas 

weight 

incremental distance along axis of gas length 
boundary-layer thickness 

wavelength of radiation, cm-4 or microns 


Appendix 2 — Analysis of Infrared Pyrometer 


Basic Relations - The radiation from a perfectly radiating 
solid body can be related to its temperature by the following 
approximate relation known as Wien's Radiation Law: 


Ip (A, Th) = C1A7%e 


-Co/ATb (Al) 


where the terms are as defined in appendix I. 
The temperature error introduced by Eq. (A1) is less than 


3 R when applied to the pyrometer. 


Thus, it is used in place 


of the more cumbersome but exact equation developed by 
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Fig. 27—Radiation source, gas volume, spectral filter and detector arrangement 


Planck (7). The radiation from an isothermal volume of gas 
can be assumed to emit a continuous spectrum at elevated 
pressure and temperature so that it also can be expressed in 
the same form: 


Esc J)R: 
Ig(A, Tg) = Eg(A, p, Tg)C1A er ol Rib (A2) 


where the only difference between equations (Al) and (A2) 
is in the gas emissivity term, Eg(a, P, Tg). According to 
Kirchoft tnere is an exact relation between emission and ab- 
sorption that exists for monochromatic radiation at constant 
temperature: 


Eg(A, p, Tg) = Ag(A, p, Tg) (A3) 


By proper use of the preceding equations, the gas temper- 
ature of a given volume of gas can be determined. 

Consider a radiation source, gas volume, spectral filter, 
and detector arranged as shown in Fig. 27. In the absence 
of gas, radiation received by the detector from the radiation 
source is 


Ij = Ip(A, Tp) (Black- Body) (A4) 


With the gas present at a given gas temperature, the rad- 
iation received by the detector is 


Ig = Ip(A. Tp) [1 - Ag(A. p, Tg)] + Eg(A. P. Tg)Ig(A, Tg) 
(Ad) 


When the radiant intensities I] and Ip become equal, then 
Eqs. (A4) and (A5) can be equated and written in the form 


Ag(As Ps Tg)Ip(A Th) = Eg(As ps Tg)Ig(As Tg) 


or 
Ips Tp) = Ig Tp) (A6) 
or 
Th = Tg 


This equality establishes the conditions for the determin- 
ation of the null gas temperature, With the proper appara- 
tus, a gas-temperature can be found for every given source 
temperature. 

If a chopper is placed between the radiation source and 
the gas, an additional radiant intensity is received periodi- 
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cally by the detector, that from the gas alone: 
Ig = Eg(A, Ps Tg)Ig(A, Tg) (AT) 


Eqs. (A4), (A5), and (A7) can be combined as follows: 


= oar hap 1 
Fry LS adh it OM oy an (A8) 
13 Vie ne 


Eq. (A8) shows that the chopped method of operation 
should be capable of recording radiation data for a complete 
gas-temperature - crank-angle diagram in only one cycle 
of operation. Although it was an attractive means of re- 
cording data, the chopped method was found to contain er- 
rors when calibrated on the steady-flow system (see text). 
Thus the null method was used for all of the final compari- 
son engine data. 

Effect of Temperature Gradients - Different measuring 
techniques will not necessarily read the same average tem- 
perature of a gas volume in which there are thermal gradi- 
ents, The average temperature measured by the infrared 
pyrometer can be calculated by making some simplifying 
assumptions with regard to the gas: 

1. The gas is assumed to have a temperature gradient 
only along its length. 

2. The gas is assumed to be contained on all sides by 
transparent, nonconducting walls, 

3, The emissivity and absorptivity of the gas are con- 
sidered equal for one wavelength and small temperature dif- 
ferences, 

4, An approximate temperature profile is assumed for 
the gas with a linear temperature gradient at the walls. 

The radiant intensity of the radiation entering the gas 
volume, I(A, T), will be changed by an amount dI(A, T) in 
passing through a distance dx of the gas. This change in 
intensity can be expressed in the following form: 


dI(A, T) = ~Ag(X, P, Tg)I(A, T) + Eg(A, p, Tg)Ig(A, Tg) 
(AY) 
Replacing the emissivity and absorptivity terms with the 
logarithmic decrement of radiation a(A, p, Tg) and integrat- 


ing over the total length of the gas path yields the equation: 


L 
a a(A, Pp, Tg) dx 
0 


(A, T) =e 


a(A, P, Tp)Ig(A, Tg) 


Xx 


L 
f a(A, Pp, Tg) dx oii a(A, Pp, Ty)dx 
0 0 


e dx + Ce (A10) 
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When the gas is nonabsorbing and nonemitting (a(d, p, Tg) 
= 0), the constant of the equation C is equal to the black- 
body source radiation entering the gas volume. Since the 
null method of temperature measurement involves matching 
this radiation with that from the radiation source and gas 
combined, Eq. (A10) can be written in the form: 


55,7 C2/AT _ , -aQs P, Ty)L 


CyjrA e€ a(A,Pp, Tg) 


iL, xX 
Ye a(A, Pp, Tg)dx 


=e 
Cyr e Co/ATg dx 


x “5. ~Co/Tg : -a(A, p, Tg)L (A11) 


Cancelling similar terms, designating the temperature 
Typ, and setting Typ equal to Tp, the equation for the aver- 
age temperature measured by the infrared pyrometer is 


il 

Te (A12) 

IR = 
Ae pial foil an) 
g ? Pp, ee 
where 
L 
Me e “C2/.Tg ce ete Tg) * ax is evaluated 
0 


numerically for any given profile of gas temperature along 
the gas- path length. 

The effect of temperature gradients in the gas on the 
temperature measured by the sonic-velocity instrument has 
been analyzed elsewhere (4). The equation for the average 
temperature measured by that method can be written in the 
form: 


(A13) 


SV 26 af os 6 1 
Uae eV 1) L Valo. 


Other average temperatures that can be evaluated for a 
gas volume containing temperature gradients are: 


Mass mean temperature: 


TMM = fun Cp fo 


(A14) 
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Space mean temperature: 


L 
TsM = ef T(x) dx (A15) 
0 
Arithmetic mean temperature: 
Toot Tw 
= ——" Al16 
TAM 9 (A16) 


Effect of Intake Gases and Engine Windows - The equa- 
tions describing the principle of operation of the infrared 
pyrometer - Eqs, (Al) to (A6) did not include any effect of 
the engine gases during the intake stroke when the reference 
level of blackbody source radiation is established. If this 
radiation is absorbed by more than a negligible amount by 
the gas during the intake stroke, an error in the measured 
gas temperatures by the null method will be introduced. 

If an absorptivity Ag(A, pi, Ty) is assumed on the intake 
stroke (state 1), then 


During compression (state 2), when the gas absorption 
and emission become appreciable quantities, then 


[1- Ag (A, Po, Tg2)JIp(A, Th) + Eg(A, po, Tga)Ig(A, Tg2) 
(AL8) 


Since the null point is determined by setting Eqs. (A17) 
and (A18) equal to each other, the final equation can be re- 
duced to the form: . 


»DTs Cc 1 1 
in fx e@sP ten |. C2] 2a 
Ag(A, PQ, g2 Xr Th Tgo 
The temperature error that occurs when the gas absorption 
during intake cannot be neglected[ Ag(A, p1, TopF0] is 


(A19) 


il 


(1/Tp) - (A/Cg) In | - 


Terror = Th - Ag(® Py» zy 


Ag(A, p2, Tg9) 
(A20) 


Measurements of the gas absorptivity were taken as a 
function of crank angle on the engine under typical opera- 
ting conditions, and the ratio Ag(A, p1, Tg4)/Ag(A, Po, Tg9) 
was tound to vary trom 1.U down to U.U1, resulting in atem- 
perature error as large as 30 R if not corrected. 

The engine windows absorb about 10% of the radiation 
that passes through them when they are clean,and even more 
when a film of particles collects on their surfaces. Thus 
their effect must be considered in the final analysis of the 
instrument. 
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Fig. 28—Schematic of complete pyrometer 


The complete pyrometer can be considered to be made 
up of a series of radiating and absorbing bodies as shown in 
Fig. 28. Since radiation and absorption of the window on 
the pyrometer side of the engine, the lens, the filter, and 
the detector are constant and do not affect the equality of 
Eqs. (A4) and (A5), their effect can be excluded from this 
analysis. The window between the black-body source and 
the gas does affect the null point and so must be considered. 

When the engine windows are cooled by intimate contact 
with circulating tap water, their radiation can be considered 
negligible, and the only error is that due to absorption of 
the black-body source radiation by the window: 


1 
Terror = Tb ~ G7Tp) - QVCa) In[1 - Aw Tw)] 
(A21) 

If the engine windows are uncooled, they can emit con- 
siderable radiation, especially when slightly covered by de- 
posits, An analysis ot that ettect has shown that the window 
temperature must be below 1000 R for completely negligible 
radiation (12). 

The effect and magnitude of the preceding errors in gas 
temperatures measured by the infrared pyrometer can becal- 
culated, but rapid experimental calibration was considered 
most reliable for determining proper operation of the pyrom- 
eter, This was done by mounting a rapid shutoff valve on 
the intake manifold of the engine. Through proper manip- 
ulation of this valve, the separate and combined effects of 
the intake gases and engine window could be observed on. 
the oscilloscope. 
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End-Gas Temperature-Pressure 


Histories 


and Their Relation To Knock 


EXTENSIVE studies of the autoignition of fuel- air mixtures 
have been made in the past. Much of this work was done in 
laboratory reaction vessels at low pressures and temperatures. 
For the most part, the purpose of that work was to obtain 
general information about combustion processes (1).* 

In 1931 Withrow (2) observed that autoignition occurred 
in the yet unburned fuel-air mixture in the end zone (end 
gas) of an internal combustion engine. Since then, a great 
many researchers, both here and broad, have tried to extend 
autoignition studies to devices which simulate the conditions 
that would be expected in the end gas of an engine. The 
first extensive work of that nature was done by Tyzard and 
Pye (3); many further references are given in a publication 
by Taylor et al (4). 

In these earlier studies, the general procedure was to 
rapidly bring a fuel-air mixture to a high pressure and tem- 
perature and maintain that state until autoignition occurred. 
The implicit assumption was that the information obtained 
would improve _—_ understanding of knock in engines. The 
problem occurred in applying these studies to knock. 

There is little doubt that a fuel- air mixtures does auto- 
ignite when knock occurs in an engine. But some doubt ex- 
ists as to whether (1) the pressure rise associated with auto- 
ignition generates the sound observed when knock occurs or 
(2) the sound is caused by a gaseous detonation wave. Those 
who uphold the detonation wave theory believe that auto- 
ignition reactions are too slow to produce the knocking sound 
(5). Other investigators point out that the rate of energy re- 


*Numbers in parentheses designate References at end of 
paper. 
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lease during autoignition could be extremely high, provided 
the reacting gases are of uniform composition (6). 

The evidence which supports the necessity of having auto- 
ignition as the energy source for knock includes: 

1. Fuel ratings have been made in an engine at the lim- 
iting compression ratio for continuous, repeated autoignition, 
These ratings, made without reference to knock intensity, 
agreed quite well with ratings in a standard engine fora large 
variety of fuels and additives (7), 

2, A correlation between fuel 6ctane number and the 
delay for autoignition was obtained from data obtained in a 
rapid-compression machine (8). 

3, The major pressure oscillations which occur in a com- 
bustion chamber during knock have the same frequency as 
the oscillations observed outside the engine. 

Research at the Massachusetts Institute of Technology on 
a rapid-compression machine, (4) which was sponsored for a 
number of years by Ethyl Corp., clearly indicated that the 
thermodynamic state required for autoignition of a given hy- 
drocarbon- air mixture was time dependent, This would im- 
ply that the pressure-temperature histories in an engine are 
the fundamental parameters controlling knock for any given 
fuel-air mixture. In line with this work, one point of con- 
siderable current interest is whether or not the knocking ten- 
dency of fuels can be characterized only by the density and 
temperature in the engine. 

The temperature of a medium can be determined from 
measured values of the speed of sound by well established 
thermodynamic principles. A practical device to measure 
the speed of sound of the gases in an engine was developed 
at the Massachusetts Institute of Technology under the spon- 
sorship of the Coordinating Research Council. The utility 
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Table 1 - Guide Curve Values 


Compression Ratio for Standard Knock 


Research Motor 
Temp. Std. Temp. Std. 
Fuel Engine Engine Engine Engine 

90 PRF 6.70 6.69 7.00 6,16 
Isooctane 

(100 PRF) 8.03 8,02 Hie OO) 8.02 
Isooctane 

+ 1 ml TEL Sus; 9, 74 8, 80 8.89 


Table 2 - DIB Knockratings 


Octane Number 


Temp. Standard 

Engine Engine 
Research 103 105 
Motor 93 89 


of such a device for determining fuel-engine relationships 
in terms of the basic parameters of pressures, temperature, 
and time at knock- limited conditions was immediately ap- 
parent. Therefore, Ethyl Corporation undertook a program 
to investigate these factors. 


Apparatus 


The equipment used to determine the temperature of the 
gases in the combustion chamber is basically similar to that 
designed and built at MIT. The principle of operation is 
based on the relationship between temperature and the speed 
of sound in a gas, Both the theory and practical application 
of this apparatus to an engine have been extensively covered 
in previous publications (9,10). Therefore, we will only 
recount the few minor modifications made in the apparatus. 

The cylinder head and block is a 2-piece unit designed 
by Waukesha Motor Co, for the original CFR engine. This 
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split-head unit has been used to provide an insert between 
the head and block to hold the sound transducers, The trans- 
ducers are set at the end of a tapering ellipsoidal pocket, the 
major axis of which extends radially outward from the main 
chamber. The spark plug is located at the opposite side of 


‘the combustion chamber from the pocket. This combustion 


chamber geometry is highly satisfactory since it ensures that 
the sound transducers are located in the end gas. 

A special piston with a high crown enables the engine to 
be operated at 11.0:1 compression ratio, An 18 mm access 
hole was provided at the end of the pocket for a balanced- 
pressure-type pickup. Fig. 1 shows the schematic arrange- 
ment of these details. Since the pear-shaped combustion 
chamber is quite unconventional, the shroud on the intake 
valve was positioned to direct the intake charge into the 
pocketed area and provide better scavenging. 

Another modification was a refinement of the crankangle 
pulse generator for triggering the delayed-sweep oscilloscope 
and the barium titanate crystal transmitter. Instead of using 


conventional breaker points as a pulse trigger.a preset counter 
and a notched flywheel with photomultiplier pickup are used 


With this arrangement, the operator sets the electronic count- 
er to generate a sound pulse at one deg crankangle intervals 
from 180 deg btc to 180 deg atc. When the pulse from the 
photomultiplier tube next to the slotted flywheel was used 
to flash a stroboscope light on the flywheel, it was found that 
the accuracy of the system was better than 1/4 crankangle 
deg. A photograph of the apparatus is shown in Fig. 2, and 
a schematic arrangement in Fig. 3. 


Preliminary Investigation 


Although this engine has an elongated combustion path, 
approximately half again as long as the path in a normal en- 
gine, the actual time for the flame to traverse the combus- 
tion chamber is not significantly different from the time in 
a standard CFR engine, Also, it was found that the overall 
operating characteristics of the engine were fairly normal. 
This conclusion is based on two determinations: 

1. Comparison with the Standard Guide Curve data by 
Motor and Research methods for primary reference fuels (PRF). 

2. Ratings obtained for a temperature-sensitive fuel. 

Compression ratios for standard knock from the guide cur- 
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Octane Rating 


Fuel Research Motor Isooctane 
98S 98 86.9 43.7 
1008S 100 88.3 50.5 
100H 100 89.1 B32. o 
104S 104 91.9 60,4 


Table 3 - Composition of "Sensitive" (S) and "HOT" (H) Fuels 


Composition, vol % 


n- Heptane Diisobutylene Toluene 
16.0 40.3 0 
BRS 37.9 0 
12,5 0 55.0 

5.3 34,3 0 
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END-GAS TEMPERATURE-PRESSURE IN RELATION TO KNOCK 


ves are compared with values obtained in the experimental 
temperature-measuring engine in Table 1. For the most 
part, the values are in fairly close agreement. 

The per formance of this engine using a temperature-sen- 
sitive fuel, such as diisobutylene (DIB), is shown in Table 2. 
As shown, DIB is somewhat less temperature sensitive in the 
experimental engine than in a standard engine. 

This difference in octane numbers obtained for DIB may 
be due more to modifications which had to be made in the 
method of measuring knock in this engine than to peculi- 
arities of the combustion chamber, It was observed that the 
Phillips type pickup caused the knockmeter to show a iso- 
octane, After same ¢udy, it was found that pressure oscilla- 
tions occurred in the combustion chamber at these condi- 
tions, The cause of the pressure oscillations was not knock, 
but a flame-driven organ-pipe oscillation due to the pocket 
in the combustion chamber. This was reasonably well es- 
tablished by the fact that the frequency of these oscillations 
could be lowered by increasing the length of the pocket, Be- 
cause of this situation, further measurements of knock were 
made by using an SLM pickup (Piezoelectric pickup distrib- 
uted by Kistler Instrument Co.) and watching the dp/dt sig- 
nal on the oscilloscope. The onset of knock by this method 
always corresponded with audible manifestations. 


Engine Conditions and Fuels 


The normal operating conditions of the engine for this 
study were 608 +6 rpm, 15 40.5 deg btc ignition, 0.070 
+0.001 fuel-air ratio, 150 +3 F inlet-mixture temperature, 
205 +5 F water-jacket temperature and 135 +10 F crankcase- 
oil temperature, The engine variables investigated were 
inlet- mixture temperatures of 110 to 400 F, ignition timing 
of 5 to 25 deg btc, engine speeds of 608 and 1227 rpm, and 
fuel- air ratios ranging from 0,056 to 0,084, In addition, 
some runs were made under Motor and Research method con- 
ditions, All operation was at wide open throttle (naturally 
aspirated) with manifold fuel injection. The compression 
ratio for each fuel and engine condition was adjusted for in- 
cipient knock based on the dp/dt trace indicated by an os- 
cilloscope. 

The fuels tested included primary reference fuels, both 
clear and with organometallic additives, ranging in anti- 
knock quality from 60 octane number up to isooctane plus 
1.0 ml TEL/gal as 62 Mix. A recently introduced organo- 
manganese antiknock, methylcyclopentadienyl manganese 
tricarbonyl (AK-33X), was used in some runs both asa pri- 
mary and supplementary antiknock, “Sensitive” (S) (ter- 
nary mixtures of n-heptane, isooctane, and diisobutylene) 
and "HOT" (H) (ternary mixtures of n-heptane, isooctane, 
and toluene) fuels also were investigated, as well as 100% 
dissobutylene. The S and H fuels were used to simulate 
commercial blends, and were blended to match isooctane 
at knock-limited conditions in this experimental engine. The 
compositions of these fuels are shown in Table 3, 
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Fig. 4 — Pressure-temperature-time relation for autoignition and 
knock with isooctane 


Data Collection 


Before the start of test runs each day, nitrogen, argon, 
and dry air were introduced into the combustion chamber 
with the engine at rest. The temperature and pressure were 
measured by ordinary techniques. 

The values of the speed of sound for the three gases at the 
chamber conditions were obtained from National Bureau of 
Standards Circular 564, and the transit time for a signal to 
cross the gap was calculated for each gas from these known 
values of the speed of sound. The speed-of-sound apparatus 
was then operated and the total transit time for a signal to 
pass from the triggering circuit through the electronic cir- 
cuitry, barium titanate crystals, brass coupling rods, and 
gas gap was measured, 

The difference between the computed gap transit time 
and the measured total transit time is the instrumental delay, 
due to electronic delays and acoustic delays in the crystals 
and coupling rods. The value for the three calibration gases 
agreed within 0.5%, In the test runs, this instrumental de- 
lay was subtracted from the observed time to give the actual 
transit time for the sound pulse to cross the gas gap. 

For each fuel and engine condition, the compression ratio 
was adjusted for incipient knock. The preset electronic 
counter was then set to generate a sound pulse across the trans- 
ducers in the end gas at 40 deg btc, and at frequent crank- 
angle settings thereafter until knock occurred. A determin- 
ation of temperatures at any earlier time in the engine cycle 
was considered unnecessary. The delayed-sweep oscillo- 
scope was then set to read the total time for the pulse transit, 
The time of knock was indicated by an irregular trace on the 
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delayed-sweep oscilloscope. 

The pressure was measured at each crankangle position 
for which.a temperature record was obtained. The pressure 
equipment used was a free-diaphragm, variable-capacity, 
balanced- pressure unit (11). The movement of the diaphragm 


‘of the balanced- pressure unit was displayed along with the 


time pulse which started the temperature measurement on 
a second oscilloscope. The operator merely adjusted the 
pressure behind the diaphragm until the time at which the 
diaphragm started to move coincided with the timing pulse 
for temperature measurement, Thus, at the time of tem- 
perature measurement, the known pressure behind the dia- 
phragm should just equal the combustion chamber pressure. 

A point of some importance, which is considered later, 
is the significance of the pressure and temperature measure- 
ments, The temperature measurement is representative of 
the gases in the end zone ahead of the flame front. The 
pressure measurement, however, represents pressure through- 
out the combustion chamber. Since all pressure disturbances 
prior to knock are subsonic, it is reasonable to assume that 
the pressure will be equal at all points in the combustion 
chamber, within instrumental accuracy. 


Temperature Calculation 


The procedure used for calculating temperature from the 
measured speed of sound has been previously reported (12). 
The equation is: 

_ déM 
yeR (1) 
T = temperature, R 
d gap distance, ft 
M = molecular weight of gases, slugs/Ib mole 
Y 
R 


I 


= ratio of specific heats 
= gas constant, ft lb/lb mole, R 
t = time, sec 

In this equation, the gas constant is known and the gap 
distance and time are measured values. The molecular 
weight is assumed to be constant, and is calculated on the 
basis of fuel-air ratio and an estimation of fraction residuals. 
It is recognized that precombustion reactions may affect the 
molecular weight. However, since the total concentration 
of precombustion products is small (18), the contribution of 
these products to changes in molecular weight will be negli- 
gible. The quantitiative effect of composition errors is dis- 
cussed in the next section, 

For this equation, the ratio of specific heats is computed 
as a function of temperature from the known fuel- air- exhaust 
gas composition and the specific heat at constant pressure. 
Since a final temperature must be assumed for the selection 
of a value of gamma before the temperature is determined, 
this problem is solved by an iterative procedure on an elec- 
tronic computer, After about three iterations, the machine 
usually will have computed a value for temperature. 
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Reliability of Data 


Unfortunately, a dynamic system of calibration to deter- 
mine the absolute accuracy of the temperature- measuring 
equipment would be quite difficult. A static system of cali- 
bration would probably be of little value. On the other hand, 
for this work, knowledge of the accuracy of the instrument 
is not as important as the precision (reproducibility) of the 
data, Factors which affect precision are signal pulse tim- 
ing, pulse duration, pulse detection, gap distance, gascom- 
position, and time delay, The effect of each of these items 
is discussed in turn. 


Signal Pulse Timing - With the photomultiplier tube and 
the notched flywheel, the reproductibility of the signal pulse 
timing depends on the optical and mechanical alignment, 
and electronic circuit stability, Periodic checks showed this 
system to be reproducible within the combined tolerances 
of the mechanical andelectrical calibration procedures, which 
was less than 1/4 crankangle deg. 


Pulse Duration - The time duration of the pulse across the 
gap is about 20 microseconds, Since this represents less than 
0.1 crankangle at 600 rpm, the temperature change in 20 
microseconds should not exceed 4R. Thus, differences in 
signal duration in the gap can cause little difficulty. 


Pulse Detection - For the equipment used in this work, the 
error in signal detection on the delayed-sweep oscilloscope 
was +0. 05 microseconds. For a 20-microsecond signal, this 


represents an error of sAUs 25% in time or not more than 1 R. 


Gap Distance - The gap distance for the transducers was 
during the calibration procedure to 40.001 in. or a possible 
error of about +0. 2% in time or not more than 1 R. 


Gas Composition - The effect of combustion-gas compo- 
sition on computed temperatures is shown in Table 4, It is 
apparent from Table 4 that large changes in end-gas com- 
position have small influence on the computed temperature, 
and the likelihood of errors exceeding +15 R due to composi- 
tion uncertainties is small, 


Time Delay - The instrumental delays which must be sub- 
tracted from the observed total delay are determined with 
an accuracy of +0,25% in time or about 1 R. Any variabil- 
ity in this measurement should be somewhat less than this. 


In summary, the total maximum error of temperature 
measurements should not exceed +24 deg at 1800 R or about 
+1.5%, Thisis probably equal to or better than the precision of 
pressure determinations. Undoubtedly, the greatest variability 
is in the cycle-to-cycle reproducibility within the engine it- 
self rather than in the instrumentation, This engine varia- 
bility at any condition of engine operation would, of course, 
cause a variability in pressure and temperature measurements, 
The total variability of engine and measuring equipment is 
estimated to be not more than +2.5%. Successive, replicate 
runs showed even less variability. 
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Temperature-Pressure Data 


The data gathered in this study are available from the 
Ethyl Corp, as a separate report (14). The information ir 
presented on 46 curve sheets on which are plotted 114 curves 
showing the temperature-crankangle and pressure-crankangle 
relationships for the different fuels and engine operating con- 
ditions investigated, Each curve is defined by about 30 data 
points beginning at 40 deg btc and ending at the time of 
knock, The presentation to follow is based on these data. 

Interpretation of Data - Earlier work at MIT with a rapid- 
compression machine showed that pressure, temperature, and 
time were the important basic parameters controlling knock 
and autoignition. In that work, the combustible mixture was 
at a reasonably constant thermodynamic state until the start 
of autoignition, By comparison, the pressureand temperature 
in an engine are continually changing due to compression of 
the end gas by the piston and the advancing flame front;there- 
fore,there is no recognizable induction time for reaction. 

The relative importance of the pressure and temperature 
histories can be shown by comparing the autoignition require- 
ments of isooctane as determined in the engine with those 
observed in the rapid-compression machine. This is shown 
in Fig. 4. The family of three curves shows the calculated 
pressures and temperatures required for autoignition of iso- 
octane in the rapid-compression machine at delays of 1, 2, 
and 5 milliseconds. The pressure-temperature history for an 
engine cycle is also shown up to the time knock occurred. 

For the pressure and temperature at which knock occurs 
in the engine, the ignition delay in the rapid- compression 
machine is less than one millisecond. This means that the 
total effective precombustion reactivity leading to autoig- 
nition during the relatively long period of time of end-gas 
compression is equivalent to the reactivity which would have 
occurred in a fraction of a millisecond had the charge been 
compressed quickly to the same pressure and temperature, 
as in the rapid-compression machine. This can only mean 
that the contribution to knock by reactions occurring early 
in the engine cycle must be small in comparison to the con- 


Table 4 - Effect of Gas Composition on Temperature 


Temperature, R 


Crankangle Air+ Fuel Air + Fuel Air as all 
Deg + Residuals (no residuals) Nog + Fuel 
-40 1206 1218 22, 
-30 1294 1309 -- 
-20 1370 1384 -- 
-10 (btc) 1445 1461 -- 
0 (tdc) 1587 1604 -- 
+10 (atc) 1764 1784 1789 
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Table 5 - Final End-Gas Temperature- Pressure Data 


Rated Inlet- Final End-Gas 
Octane Compression Speed, Ignition, Mixture Fuel-Air Time of Knock, 
Fuel Number Ratio rpm btc Temp.,F Ratio Press, psia Temp., R CA Degrees 

60 PRF 60 4,53 613 15 123 0.070 338 1855 +18 
60 PRF 60 4.27 613 15 150 0.070 305 1855 +16 
60 PRF 60 4,26 611 ~ aK) IES) 0.070 265 1863 +22 
75 PRF 75 4,96 614 15 124 0.070 368 1880 +20 
75 PRF 75 4,60 612 15 199 0.070 285 1805 +25 
75 PRF 79 4,37 609 15 301 0.070 215 1855 +19 
75 PRF 75 4,26 607 15 400 0.070 190 1865 +19 
80 PRF 80 0.05 615 15 112 0.070 367 1877 +22 
80 PRF 80 4,90 612 15 226 0.070 315 1875 + 8 
80 PRF 80 4.27 607 15 403 0.070 222 1877 +17 
90 PRF 90 6.13 614 15 102 0.070 435 1790 +21 
90 PRF 90 6.05 612 15 151 0.070 395 1830 +21 
90 PRF 90 5, 94 610 15 224 0.070 365 1795 +17 
90 PRF 90 5.40 606 15 400 0.070 283 1810 +18 
Isooctane 100 7.40 616 15 iihy 0.070 480 1855 +15 
Isooctane 100 1.20 611 15 226 0.070 480 1865 cial 
Isooctane 100 6.80 606 15 401 0.070 358 1850 +13 
Isooctane + 1 ml 

TEl/gal* - 9520 610 15 116 0.070 687 1835 +7 
Isooctane + 1 ml 

TEL/gal - 8.80 608 15 228 0. 070 570 1820 + 9 
Isooctane + 1 ml 

TEL/gal - 8.45 605 15 395 0.070 480 1820 +11 
Diisobutylene - 8.75 612 15 108 0.070 712 1805 + 9 
Diisobutylene - 8.13 607 15 225 0.070 510 1765 +11 
Diisobutylene = 6.80 608 15 395 0.070 410 1828 +14 

Variable Antiknock Additive 

60 PRF 60 4,27 613 15 150 0.070 305 1855 +16 
40 PRF + 1.5 ml 

TEL/gal 60 4.27 613 15 150 0.070 310 2065 +18 
71.5 PRE 8 2,63 613 15 151 0.070 335 1840 +22 
60 PRF + 1.0 ml 

TEL/gal 71.5 4.68 613 15 150 0.070 342 2000 +20 
80 PRF 80 5.05 614 15 150 0.070 372 1840 +16 
60 PRF + 1.8 ml 

TEL/gal 80 5.05 614 15 149 0.070 372 1980 +16 
85 PRF 85 5,90 615 15 151 0.070 395 1820 +13 
60 PRF +2.0 g 

Mn/gal* 85 5.50 615 15 151 0.070 395 1905 +16 
Isooctane 100 7.25 614 15 150 0.070 525 1830 +15 
80 PRF + 3.0 ml 

TEL/gal + 0.75 

g Mn/gal 100 [s2S 614 15 150 0.070 525 1920 +14 
*TEL as 62 Mix *Mn as AK-33X 


continued 
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Table 5 - continued 


Rated Inlet- 
Octane Compression Speed, Ignition, Mixture Fuel+Air FinalEnd-Gas Time of Knock, 
Fuel Number Ratio rpm btc Temp, ,.F Ratio Press, psia Temp.,R CA Degrees 


Variable Fuel- Air Ratio at 15 btc Ignition 


Isooctane 100 7.15 615 15 151 0.070 473 1870 +3 
1008S 100 1.20 613 15 151 0.070 510 1870 +17 
100H 100 7.15 614 15 153 0.070 4495 1830 +14 
Isooctane 100 7.58 614 15 148 0.084 5595 1825 +13 
1008S 100 7.58 615 15 146 0.084 565 1820 +13 
Isooctane 100 8.14 613 15 147 0.056 420 1655 +26 
1008S 100 8.14 611 15 150 0.056 405 1675 +29 
Variable Fuel- Air Ratio at 25 btc Ignition 
Isooctane 100 7.30 612 25 151 0.070 582 1870 + 3 
1008S 100 7.30 612 20 150 0.070 583 1870 eo al 
100H 100 7.30 611 20 150 0. 070 540 1960 +1 
Isooctane 100 Uo @ 612 20 144 0.084 615 1830 + 1 
100S 100 7.62 612 25 150 0.084 620 1850 0 
100H 100 7. 62 611 20 148 0.084 620 1940 0 
Isooctane 100 To GE 611 20 153 0.056 529 1830 + 6 
1008S 100 7.93 611 20 156 0.056 528 1850 + 6 
100H 100 7. 93 611 20 148 0.056 510 1845 ap ff 
Variable Spark Advance at 608 rpm 
Isooctane 100 Teds 615 15 151 0.070 473 1805 +19 
1008S 100 1.20 613 15 151 0.070 510 1815 +17 
100H 100 7.15 614 15 153 0.070 445 1830 +14 
Isooctane 100 8. 90 614 3) 152 0.070 393 1710 +27 
1008S 100 8.79 614 3) 152 0.070 415 1730 +28 
100H 100 8. 90 613 3) 151 0.070 395 1735 +28 
Isooctane 100 7.30 612 290 151 0.070 082 1870 + 3 
100S 100 7.30 612 20 150 0.070 583 1870 +1 
100H 100 7.30 611 25 150 0.070 5040 1960 +1 
Variable Spark Advance at 1227 rpm 
Isooctane 100 9, 65 1230 15 150 0.070 5395 1810 +18 
1008S 100 9, 69 1231 15 149 0.070 537 1840 +16 
100H 100 9. 65 1230 15 153 0.070 493 1855 +20 
Isooctane 100 10, 52 1227 3) 152 0.070 495 1660 +27 
1048S 100 10.52 1226 3) 154 0.070 493 1740 +24 
Variable Engine Speed at 0.070 F/A and 15 btc Ignition 
Isooctane 100 Hols 615 15 151 0.070 473 1805 +19 
1008S 100 7.29 613 15 151 0.070 510 1815 +17 
100H 190 Wells 614 15 153 0.070 445 1830 +14 
Isooctane 100 9. 60 1230 15 150 0.070 0395 1810 +18 
1008S 100 9,65 1231 15 149 0.070 537 1840 +16 
100H 100 9, 65 1230 15 153 0.070 493 1855 +20 


continued 
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Table 5 - continued 
Rated Inlet- Final End-Gas 
Octane Compression Speed, Ignition, Mixture Fuel-Air Time of Knock, 
we Number Ratio xpm___Bte__“Temp,,F Ratio OeEtess pile Temp RC 
Variable Engine Speed at 0.084 F/A and 15 btc Ignition 
Isooctane 100 7.58 614 ANG) 148 0.084 5900 1825 +13 
1008S 100 7,58 615 15 146 0.084 565 1820 +13 
Isooctane 100 9.85 1228 15 151 0.084 618 1855 +13 
1048S 100 9,85 1230 15 150 0.084 645 1880 +13 
Variable Engine at 0.056 F/A and 25 btc Ignition 
Isooctane 100 1. 93 611 25 153 0.056 529 1830 + 6 
1008 100 7. 93 611 20 156 0.056 528 1850 + 6 
100H 100 7.93 611 20 148 0.056 510 1845 + 7 
Isooctane 100 8.62 1223 20 152 0.056 480 1855 +13 
104s 100 8. 62 1223 20 153 0.056 010 1845 +12 
Motor and Research Methods 
Isooctane 100 Teal 613 13 133 0.072 479 1735 +21 
Isooctane 100 He QU 906 ue 300 0.082 481 1850 +13 


tribution of reactions just prior to knock. If this were not 
the case, it would not be possible to operate modern cars at 
present compression ratios, 

The equations derived for the ignition delay of a fuel-air 
mixture in the rapid- compression machine show that the de- 
lay is an exponential function of reciprocal temperature (8). 
In a system, such as an engine, where the temperature is 
continually increasing until knock occurs, it is reasonable 
to expect progressively more reaction per unit of time dur- 
ing the compression of the end-gas. Some idea of how this 
might increase during an engine cycle is shown in Fig. 5. 
For the purpose of this illustration, the relative rate of re- 
action is equivalent to 1/r, where r is the ignition delay at 
any given pressure and temperature. 

It is apparent from the curve that most of the preknock 
reactivity could be expected to take place in the last five 
crankangle deg before knock. This supports the general con- 
cept that, to understand the significance of the pressure- tem- 
perature data obtained in an engine, one should be mostly 
concerned with the state of the gases just before knock. 

Based on these condiserations, most of the analyses in this 
paper are based on the final end-gas pressures and tempera- 
tures, Table 5 presents this information along with the fuel, 
engine operating conditions, and time of knock for each run. 
The table has been arranged in groups, each of which con- 
tains all data covering a variable - either fuel or engine op- 
erating condition. In some cases, this has required repeti- 


tion of data on the table, since some data were used for sev- 
eral correlations. 


Fuel-Engine Relationships 
at Knock-Limited Compression Ratio 


The final end-gas pressures and temperatures have been 
examined to determine the effects produced by the different 
variables investigated. These variables include engine op- 
erating conditions, octane level and precombustion, organ- 
ometallic antiknock additives, fuel types, Motor and Re- 
search methods of knock-rating, fuel sensitivity and engine 
severity, and time of knock. Each of these items will be 
considered separately. Also, one other item which seemed 
appropriate to consider in our analyses is the temperature- 
density concept of fuel rating. 

Engine Operating Conditions - The different engine op- 
erating conditions investigated were inlet- mixture tempera- 
ture, spark advance, engine speed, and fuel-air ratio, 

For the study of inlet mixture temperature, the fuclsused 
were primary reference fuels, isooctane plus 1.0 ml TEL, 
and diisobutylene. The engine was adjusted for knock-lim- 
ited compression ratios at inlet- mixture temperatures rang- 
ing from 110 to 400 F for each fuel. The other engine op- 
erating conditions were 15 deg btc ignition, 608 rpm, and 
0.070 fuel-air ratio (F/A). 
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Fig. 5 — Preknock reaction rate history for isooctane 


The effects of engine and fuel variables on final end-gas 
temperature and pressure are shown in Fig. 6, In this figure, 
compression ratio is plotted against final pressure in the up- 
per part and against final end-gas temperature in the lower 
part. Separate lines pass through the data points for all pri- 
mary fuels at each inlet-mixture temperature. Similarly, 
separate lines pass through the data points for each fuel at 
different inlet-mixture temperatures, The pressure data lines 
are separate and distinct, but all lines for the temperature 
data merge into one within the experimental variability, In 
other words, at knock- limited compression conditions, all 
fuels knock at the same final end-gas temperature over a 
wide range of inlet- mixture temperatures, The major dis- 
tinction between the fuels and engine operating conditions 
lies in the pressure values. 

Using a special compression ignition engine, Levedahl 
(15) found that hot flames first appeared (autoignition) in the 
temperature range of 1560 +50 R for all aliphatic fuels stud- 
ied. It is believed, however, that the relative contancy of 
temperature is only a matter of circumstances relating to 
engine operation and fuel behavior characteristics, Fuel be- 
havior is discussed in a later section dealing with precom- 
bustion. 

Engine operation relates to the manner in which knock- 
ratings are made in a variable-compression-ratio engine. If 
the inlet mixture is heated, the engine will knock more. To 
reduce knock, the compression ratio is lowered. Thismeans 
that the higher inlet mixture temperature, and its effect in 
producing a higher final end-gas temperature, is compensa- 
ted by a reduction in compression ratio, The pressure, on 
the other hand, must decrease due to the decrease in com- 
pression ratio, 
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Fig. 6 — Fuel-engine relationships as a function of end-gas final 
pressure and temperature 
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Fig. 7 — Effect of octane number of prf on end-gas temperature 
and pressure 


As an example of the constancy of temperature, the pres- 
sure-crankangle and temperature-crankangle relationships 
for 75-O,N. PRF and isooctane + 1.0 ml TEL at low (nomi- 
nal 120 F) and high (400 F) inlet-mixture temperatures are 
shown in Fig. 7. Before top center, the pressures and tem- 
peratures for the 75 PRF are considerably lower for a given 
inlet- mixture temperature than for isooctane + 1.0 ml TEL. 
This is to be expected, since the knock- limited compression 
ratio for the 75 PRF is much lower, After top center, the 
gas temperature for the lower octane fuel at both inlet- mix- 
ture continues to rise until the final end-gas temperature be- 
fore knock is about the same for both fuels. 

It is not that the rate of temperature rise is appreciably 
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greater with 75 PRF but that the temperature rise with the 
higher octane fuel was terminated by knock about 10 deg 
sooner in the engine cycle. A point of some interest is that, 
although the final end-gas temperatures are about the same 
for both fuels at both inlet- mixture temperatures, the maxi- 
mum difference is 550 R at 5 deg btc. 

The difference in pressure between these two fuels at a 
given inlet- mixture temperature increases throughout the 
engine cycle, At the time of knock, the maximum pressure 
difference amounts to 500 psi, in contrast to a negligible 
difference in the final end-gas temperature. The differences 
in pressure are in accord with the differences one would ex- 
pect from the differences in knock- limitedcompression ratios 
required. 

Based on the premise that pressure, temperature, and ig- 
nition delay are the important factors controlling knock, a 
higher inlet- mixture temperature must require a longer igni- 
tion delay since the final cylinder pressure is lower with no 
change in final end-gas temperature. This is reasonable 
since the rate of change in pressure and temperature tend to 
decrease with increased inlet- mixture temperature, Since 
knock was held constant in this study, the only requirement 
on the delay is that it be of sufficient duration to allow all 
but an end fraction of the fuel to be consumed by normal 
combustion before autoignition occurs, Too long or too short 
a delay would mean either too little or too much knock. For 
each operating condition, the pressure- temperature history 
must be adjusted by varying compression ratio to produce the 
correct delay, in order to maintain a constant knock inten- 
sity. 

Fig. 6 shows that, in the case of DIB, a much larger re- 
duction in pressure is required to maintain the same knock 
intensity when inlet- mixture temperature is raised from 110 
to 400 F. This is also reflected by a much larger change in 
compression ratio for DIB. It is this greater required change 
in compression ratio for DIB that causes its octane value to 
change from 92 to 104 in this engine when the inlet- mixture 
temperature is lowered from 400 to 110 F, 

To study the effect of spark advance, three fuels were 
used: isooctane and S and H fuels blended to 100 octane 
number, The pressure-crankangle and temperature-crank- 
angle relationships at spark advances of 5, 15, and 25 deg 
btc are shown on Fig. 8 for 608 rpm, 150 F inlet- mixture 
temperature, and 0.070 fuel-air ratio. The curves for the 
three fuels are nearly identical, as shown by the shaded bands 
which encompass the corresponding data for the three fuels, 
The lowest compression ratio and the lowest pressure and tem- 
temperature before top center occur with the 15 degbtc spark 
advance, After top center, however, the pressures and tem- 
peratures at any given crankangle become higher as the spark 
is advanced from 5 deg btc. 

The effect of spark advance on final end-gas tempera- 
tures is shown in Fig. 9 at both 608 and 1227 rpm. A nearly 
linear relationship exists between increase in final end-gas 
temperature and spark advance, A 20-deg increase in spark 
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advance. raises the final end-gas temperature by 180 R. 

The same three fuels: isooctane and S and H fuels blended 
to 100 octane number - were used to study the effects of en- 
gine speed. The pressure-crankangleand temperature- crank- 
angle relationships at engine speeds of 608 and 1227 rpm are 


’ shown in Fig. 10 for 15 deg btc ignition timing, 150 F inlet- 


mixture temperature, and 0,070 fuel-air ratio, Again, the 
curves for the three fuels are practically identical as shown 
by the shaded bands which include the corresponding data 
points, A greater knock-limited compression ratio is requir- 
ed at 1227 rpm, and this is reflected in appreciably greater 
pressure and temperatures before top center. Later in the 
cycle, the pressures and temperatures become more nearly 
equal, If time is measured on a crankangle basis, the rates 
of pressures and temperature rise following ignition are greater 
at the lower speed, particularly the rate of pressure rise. 

The effect of engine speed on final end-gas temperatures 
for all engine operating conditions investigated is shown in 
Fig. 11. It is apparent that for the small range investigated, 
engine speed has a negligible effect on final end-gas pres- 
sures and temperatures. 

The effect of fuel-air ratio was investigated using the 
same three fuels. The pressure-crankangle and tempera- 
ture-crankangle relationships at fuel-air ratios of 0.056, 
0.070 and 0.084 are shown in Fig. 12 for 608 rpm, 25 deg 
btc ignition timing, and 150 F inlet- mixture temperature. 
The lowest knock- limited compression ratio occurred at 
0.070 fuel-air ratio, and resulted in lower pressures and tem- 
peratures before top center. After top center, however, the 
pressures and temperatures for the richer mixtures rose more 
rapidly, This is undoubtedly caused by the greater energy 
available in the richer mixtures. Increasing the fuel-air 
ratio appreciably above the chemically correct requirements 
caused a negligible increase in pressure and temperature. 
This is further indicated by Fig. 13 which shows the effect 
of fuel-air ratio on final end-gas temperatures at different 
speeds and spark advances. As shown, changing the fuel- air 
ratio from 0.056 to 0.070 can cause the final end-gas tem- 
perature to increase by about 150 R, Further enrichment has 
little additional effect. 

The reason for the changes in final end-gas pressures and 
temperatures at knock- limited compression ratio for changes 
in engine operating conditions can be understood on the basis 
of the factors controlling ignition delay. In general, it was 
observed that a change in engine operation which causes a 
higher rate of pressure or temperature rise just before knock, 
allows the final end-gas pressure or temperature, or both, to 
reach higher values, This is in agreement with the basic ig- 
nition-delay concept, that a higher pressure or temperature 
must result in a shorter delay for knock. When the rates of 
pressure and temperature rise are higher, the time to reach 
the pressure and temperature obtained at a lower rate must 
be shorter, If the engine was knock- limited at the lower 
rates, then the fuel could not knock at the higher rate for 
the same final pressure and temperature as at the lowerrate, 
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since the elapsed time would be too short, In other words, 
the pressure and temperature at the higher rate must con- 
tinue to rise until the proper combination of pressure, tem- 
perature, and ignition delay are obtained for knock to occur. 

Octane Level and Precombustion - The fuels of different 
octane level investigated were the primary reference fuels 
and isooctane + 1.0 ml TEL. All runs were made at 15 deg 
btc ignition timing, 608 rpm, 150 F inlet-mixture tempera- 
ture, and 0.070 fuel-air ratio, The temperature-crankangle 
relationships obtained are shown in Fig. 14. Before ignition, 
the lower octane fuels, which have lower knock- limited com- 
pression ratios, have proportionately lower temperatures, As 
combustion proceeds, however, the lower octane fuels tend 
to have a greater rate of temperature rise and attain the 
same final temperatures reached by the higher octane fuels. 
Obviously, there must be some explanation for this phenom- 
enon, 

It is generally known that the heat released by precom- 
bustion in a motored engine increases as fuel octane number 
decreases, particularly for a given hydrocarbon series (16). The 
same situation might be expected ina fired engine, although 
the existence of cool flames and other precombustion reac- 
tions in this engine has received limited study (10). The 
data obtained in this study, as shown in Fig. 14, indicate 
that precombustion reactivity is probably the cause of the 
unusual temperature rises observed. It necessarily follows 
that this reactivity must occur only in the end-gas, since 
the rest of the charge has already been consumed by the 
flame front. That is why it is important to have the tem- 
perature-measuring apparatus in this zone of the combustion 
chamber. 

Pressure records in a fired engine, however, show no evi- 
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dence of precombustion reactivity. The reason for this is 
that the amount of reacting gas just before knock is very 
small. Since the pressure pickup can only detect pressure 
changes throughout the combustion chamber, this small en- 
ergy release is incapable of changing pressure appreciably. 

Hence, precombustion reactivity is another reason for 
the constancy of final end-gas temperature with change in 
fuel-octane level, while pressure changes occur in an ex- 
pected manner. 


Organometallic Antiknock Additives - The additives used 
in this study were TEL as 62 Mix, manganese as AK-33X, 


and AK-33X as a supplement to TEL. All runs were made 
at 15 deg btc ignition timing, 608 rpm, 0. 070 fuel-air ratio, 
and 150F inlet-mixture temperature. Fig. 15 shows the 
pressure-crankangle and temperature-crankangle relation- 
ships for clear 60 PRF and 40 PRF containing 1.5 ml TEL/gal 
to boost it to 60 octane number. There is no difference in 
the temperature-crankangle relationship for the two fuels 
until about 25 deg after ignition. At that time, higher tem- 
peratures are obtained for the fuel containing TEL. This 
cannot be attributed to some engine condition since condi- 
tions were identical for both fuels. 

Prior studies in a motored engine have shown that, for 
fuels of the same octane level, a leaded fuel will develop 
more heat of precombustion when the engine is operated at 
its autoignition-limited compression ratio (16). The higher 
temperatures observed with leaded fuels in a spark-ignited 
engine are, again, believed to be due to the increased pre- 
combustion. It is known that TEL does not cause greater pre- 
combustion reactivity; it merely allows the precombustion 
reactions of the base fuel to proceed further at the higher 
knock- limited compression ratio permitted when TEL is pres- 
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ent. This is further evidence that knock and the extent of 
exothermic precombustion reactivity are not directly inter- 
related (17). 

TEL, AK-33X, or AK-33X as a supplement to TEL all 
have the same effect of allowing higher final end-gas tem- 
peratures before knock will occur. This is shown by the bar 
chart on Fig, 16. It is interesting to note that the addition 
or organometallic additives allows no change in final end- 
gas pressure. The reason for this is the same as stated for 
the precombustion in the case of the primary reference fuels: 
the heat release in the end-gas zone is too small to affect 
the overall cylinder pressure. The effect of additives on in- 
creasing the final end-gas temperature tends to decrease as 
the octane number of the base fuel is raised, as shown inFig. 
16. This occurs regardless of whether TEL and/or AK-33X 
is added. 

Fuel Types - Since only a few fuel types were studied in 
this investigation, it is not possible to draw broad conclu- 
sions regarding their effect on end-gas pressures and tem- 
peratures, If we are allowed to say that isooctane is a typ- 
ical paraffin, S fuels are typical of olefins, and H fuels are 
typical of aromatics, then, at the same octane level, fuel 
type has no effect on pressure-crankangle and temperature- 
crankangle relationships, This is illustrated in Figs. 8,10, 
and 12 for isooctane and the S and H fuels at various engine 
operating conditions. 

Motor and Research Methods - Because of the broad gen- 
eral interest in motor and research methods of knockrating 
and because these engine methods are used to classifv fuels 
by sensitivity, the desirability of investigating these pro- 
cedures was evident. Since knock is presumably a function 
of pressure, temperature, and reaction time, an inves- 
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tigation of pressure-crankangle and temperature-crankangle 
data should show the fundamental differences between these 
methods, It is recognized, of course, that the engine used 
in this study is not a typical CFR engine. However, its per- 
formance in terms of guide curve values and the knockrating 
of various fuels indicated that this special engine is reason- 
ably close to a conventional engine in performance. The 
pressure-crankangle and temperature-crankangle relation- 
ships obtained by motor and research method procedures for 
isooctane are shown in Figs, 17 and 18, It is apparent that 
the pressure paths and the final pressures are about the same 
by the two methods, However, the temperature paths and 
final end-gas temperatures are appreciably different. The 
major effects of the motor method are to produce higher 
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temperatures earlier in the cycle, higher temperatures be- 
fore knock occurs, and knock earlier in the cycle, The re- 
search method engine apparently takes more time to reach 
knock because of its more retarded ignition and lower speed, 
but this is compensated for by the higher temperatures of the 
motor method. 

The pressure and temperature histories which occur for 
motor and research methods differ from those obtained when 
the inlet- mixture temperature alone is varied, and can be 
explained. Based on the pressure, temperature, and time 
factors for knock, an increase in inlet-mixture temperature, 
as in going from the research method to the motor method, 
should cause an increase in final end-gas temperature, This 
should reduce ignition delay and cause the knock to increase, 
If the necessary changes in engine speed and spark advance 
in going from the research method to the motor method are 
now made as well, the available time delay for knock is re- 
duced. Since practically no change in compression is re- 
quired, as shown by Guide Curve values, there is no change 
in final cylinder pressure. This means, then, that the de- 
crease in ignition delay due to an increase in inlet mixture 
temperature does not cause an increase in knock, Rather, 
at the new operating condition, only a shorter delay is re- 
quired to keep the knock at the same intensity. 

Fuel Sensitivity and Engine Severity - Previous studies 
in the rapid-compression machine (8) showed that the igni- 
tion-delay equations for diisobutylene and isooctane with 
stoichiometric mixtures of fuel and air are: 


Diisobutylene; 
log r =-3.734- 0, 944 log P + 4975/T (2) 
Isooctane: 
log r =-3.028 - 1.490 log P + 5837/T (3) 
where: t = ignition delay for autoignition, sec 
P = pressure of fuel-air mixture, psia 
T = temperature of fuel-air mixture, R 


These equations indicate that an increase in either end- 
gas pressure or temperature will cause a greater decrease in 
ignition delay for isooctane than forDIB. Conversely, a de- 
crease in pressure or temperature will cause the ignition de- 
lay to increase more for isooctane than DIB. From this it 
can be inferred that increases in either end-gas pressure or 
temperature will cause DIB to appreciate relative to issoc- 
tane, or to depreciate with a reduction in either pressure 
or temperature, 

In applying this ignition-delay data to engines, one must 
consider the change in ignition delay with change in opera- 
ting conditions. Two fuels will presumably have the same 
delay at any operating condition when they knock alike. It, 
therefore, follows, that the same change in delay would be 
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required when changing operating condition and maintaining 
constant knock level. 

When the inlet-mixture temperature alone was increased, 
the final end-gas temperature remained constant but the final 
cylinder pressure decreased. Examination of Eqs. 2 and 3 


’ for DIB and isooctane shows that the decrease in pressure un- 


der these conditions will cause the ignition delay for DIB to 
increase less than the delay for isooctane. Thus, DIB de- 
preciates relative to isooctane which was found experiment- 
ally. This was also true in a motored engine (8). The fact 
that DIB loses antiknock value relative to a primary refer- 
ence fuel as engine conditions are made more severe means, 
in the usual sense of the word, that DIB is a sensitive fuel. 

When changing conditions from research to motor method, 
the end-gas temperature increased but the pressure remained 
constant, From Eqs. 2 and 3 it can be seen that the ignition 
delay decreases less for DIB than for isooctane. This is in- 
consistent with the experimental evidence that DIB depre- 
ciates relative to isooctane when changing from research to 
motor method. 

As yet, this inconsistency has not been fully resolved, but 
it is believed that a number of factors may be responsible 
for the anomaly. One is the apparent high precombustion 
reactivity of isooctane by the research method, as shown by 
the decrease in pressure prior to knock while the tempera- 
ture is still ring rapidly. Another is the fact that the simu- 
lated motor method engine operates considerably richer than 
research engine. The ignition delay data used in this study, 
as stated previously, were for a stoichiometric mixture only. 

The data presented in this paper on the effect of differ- 
ent engine operating conditions on final end-gas pressures 
and temperatures can now be analyzed for the effect of these 
conditions on engine severity.* For the purposes of this anal- 
ysis, DIB and isooctane will be used, and the fuels will be 
considered as having equal knockrating at some given set of 
engine conditions, 

Increasing the compression ratio will cause both the end- 
gas pressure and temperature to increase, Eqs. 2 and 8 for 
DIB and isooctane show that such changes in pressure and 
temperature will decrease the ignition delay, and that the 
decrease for isooctane will be greater than for DIB. In other 
words, increasing the compression ratio makes the engine 
milder, provided no other engine operating condition is 
changed as well, 

For the engine variables studied, compression ratio was 
always adjusted to maintain a constant knock level. When 
the spark was advanced and the compression ratio properly 
adjusted, the final end-gas temperature and pressure in- 
creased, This occurred because the more rapid rates of pres- 
sure and temperature rise associated with increased spark ad- 


vance necessitates a much shorter ignition delay. Increasing 
spark advance, 11ke increasing compression ratio, snould 


*An engine which gives a low rating to a sensitive fuel is a 
"severe" engine, 
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make an engine milder. 

Increasing the inlet-mixture temperature at knocklimited 
compression ratio caused the tinal cylinder pressure to de- 
crease and the final end-gas temperature to remain substan- 
tially constant. This means a smaller relative increase in 
ignition delay for DIB than for isooctane or that DIB depre- 
ciates relative to isooctane and the engine becomes more 
severe, 

At fuel-air ratios richer than stoichiometric, there is no 
appreciable change in either final end-gas pressure or tem- 
perature when the fuel-air ratio is changed. Thus, changes 
in fuel-air ratio at rich operating conditions should cause 
no change in engine severity. On the other hand, ifthe fuel- 
air ratio is made leaner than stoichiometric, the final end- 
gas temperature and pressure decrease, This implies a rel- 
atively longer delay for isooctane than DIB and the engine 
should become more severe. 

Increasing the engine speed resulted in slightly higher 
end-gas temperature and generally higher pressure at knock- 
limited compression ratio for the small range of speeds in- 
vestigated. With the data available, it would be expected 
that increasing engine speed would reduce engine severity. 

Although no pressure-temperature data were obtained dur- 
ing part-throttle operation, it should bé relatively easy to 
deduce what wouid happen under part-throttle operation, For 
this condition, the final cylinder pressure would certainly 
decrease, Then, if the air-fuel ratio was made lean, as oc- 
curs during part-throttle operation, the final end-gas tem- 
perature should decrease, This would cause the engine to 
become more severe as the throttle is closed. 

All these deductions regarding the influence of different 
operating conditions on engine severity are based on adjust- 
ment of knock-limited compression ratio, Since compres- 
sion ratio affects engine severity, different results might be 
obtained had the knock-limiting condition been obtained 
by adjusting some other engine parameter than compression 
ratio, 

The deductions made with regard to engine severity in 
this paper can be compared with experimental information 
obtained by knockrating fuels (18). This comparison is shown 
in Table 6. 

It is apparent that the agreement between the experimen- 
tal multicylinder engine data and that obtained by deduction 
based on this single cylinder study is reasonably good. This 
is further support for the usefulness and validity of the basic 
ignition-delay concept for increasing the understanding of 
fuel- engine relationships at knock- limited compression ratios, 

Time of Knock - The time of knock for all fuels and en- 
gine conditions investigated is shown in Table 5, These data 
indicate that the time of knock is about 20 deg atc for vari- 
able inlet- mixture temperatures, for clear and additive fuels 
of the same octane number, and for octane number levels 
from 60 PRF to 90 PRF. With isooctane and isooctane plus 
1.0 ml TEL, the time of knock advances, The change is 
about 5 deg, on the average, for isooctane, with an addi- 
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Table 6 - Influence of Engine Conditions on Severity 


Engine Variable 
Compression ratio 
increase 
Spark advance increase* 
Mixture temperature 
increase* 
going richer 
than stoichio- 


Fuel- : 
: metric 
ae oing leaner 
d i 
ratio* going 


than stoichio- 
metric 
Speed increase* 
Increased throttling* 


Severity Effect 


Deduced Experimental 
milder slightly milder 
milder more severe 


more severe more severe 


no effect - 


more severe = 
slightly milder more severe 
more severe more severe 


*Variable knock- limited compression ratio 
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Fig. 19 — Effect of engine variables on time of knock 


tional 5 deg advance for isooctane plus 1.0 ml of TEL. This 
may account for some of the difficulty in rating fuels at 100 
octane number and above, 

Some engine conditions, such as spark advance, engine 
speed, and fuel-air ratio, seem to affect the time of knock. 
Fig. 19 shows the effects of these three variables when iso- 
octane isused. These effects are not particularly different 


for the S and H fuels. 


A greater spark advance or enrich- 


ment of the fuel-air ratio definitely makes knock occur earl- 
ier in the cycle, while increasing engine speed has little ef- 
fect on the time of knock. 


Temperature- Density 


Concept - Some years ago Rothrock 


(19) proposed that the knocking tendency of any particular tuel 
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could be characterized by the relationship between end-gas 
temperature and density. The idea was that one would need 
only to obtain a reference-fuel framework and then deter- 
mine the octane value of unknown fuels by their position on 
this framework. His analysis was based on computed values 
for the end-gas state. Now that some actual measurements 
of the end-gas pressure and temperature are available, it 
should be possible to test this concept. From thermodynamic 
considerations, specifying pressure and temperature is equiv- 
alent to specifying density and temperature. Since Rothrock 
used density and temperature in his correlations, we con- 
verted our data to his units by means of the ideal gas law: 


pp ale Ss 4 
M (4) 
where: 
P = pressure 
p = density 
T = temperature 
R = universal gas constant 
M = molecular weight 
Then 
_ PM : 
p= or (9) 
Since 
R/M = K, aconstant, the equation becomes 
Kp = + 6 
ORE (6) 
2.8 T T | es 
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Fig. 20 — Comparison of temperature-density correlations 
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Fig. 20 is a plot of our temperature- density data for 90 
PRF and 100 PRF at different inlet- mixture temperatures and 
the computed relationships obtained by Rothrock for these 
same fuels. As would be expected, the correlation is very 
poor, since our temperatures are relatively constant, Also, 


"it is impossible to distinguish one fuel from another on the 


basis of temperature- density values. 

As a further check on Rothrock's hypothesis, his equa- 
tions were used for the computation of end-gas temperature 
and density with our data. Then these computed values were 
compared with those actually observed. This comparison 


is shown in Fig, 21 for all primary reference fuels used, as 
well as all fuel types, at engine conditions of 15 deg btc ig- 
nition timing, 608 rpm, and 0.070 fuel-air ratio, Again, 
there is no correlation between computed and observed values, 

As a simplification of calculating the end-gas state, it 
has been suggested that merely compression temperature and 
density be used (20). The conjecture is that these variables 
should have a definite relationship to end-gas conditions, To 
investigate this, both compression and end-gas temperature 
were measured. The compression temperature was obtained 
by momentarily flicking off the ignition and recording the 
necessary data, By trial-and-error presetting of the instru- 
mentation it was possible to record this information in the 
first one or two cycles after the ignition was turned off. The 
results are shown in Fig. 22, It is apparent that the sugges- 
ted correlation between end-gas temperature and compres- 
sion temperature was not obtained. 

We recognize that our conditions differ appreciably from 
Rothrock's, However, since his proposed correlation was to 
have general applicability, regardless of conditions, its fail- 
ure to hold in any one condition renders the concept unsuit- 
able. 

In spite of the invalidity of the extension of Rothrock's 
proposal to compression temperatures, it is to be recognized 
that a knockrating procedure based on computed values from 
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3, The final cylinder pressures vary widely in a manner 
which is to be expected by the change in compression ratio 
required to provide knock- limited performance. 

4, At our standard engine operating conditions with 
knock- limited compression ratio, the final end-gas temper- 
ature is 1840 +40 R for a wide selection of primary reference 
fuels as well as diisobutylene and two blends representative 
of olefinic and aromatic types; this was also true when inlet- 
mixture temperature was varied, At other operating condi- 
tions, the final end-gas temperature varied over a range of 
300 R; at any one condition of operation, however, the fuel 
effect was still +40 R. 

5. The essentially unchanged final end-gas tempera- 
engine measurements may still provide useful results. This 
method, however, would provide another means of evalua- 
ting knock in terms of engine parameters. 


Conclusions 


From this study, in which the same knock level was main- 
tained by adjusting the compression ratio for all fuels and 
engine conditions investigated, the following conclusions 
are made: 

1. The velocity-of-sound equipment used in this lab- 
oratory for determining the temperature of the unburned fuel- 
air mixture gave highly satisfactory performance witha min- 
imum of care and service. It is estimated that the precision 
of the apparatus in determining the temperature of the gases 
in the end zone of an engine is 1.5%, Since the apparatus, 
as used, indicated the average value for a number of engine 
cycles, it is expected that cycle-to-cycle variability would 
reduce the precision to about +2. 5%. 

2. Because of exponentially increasing reactivity with 
temperature rise, it is to be expected that the major por- 
tions of the reactions leading to knock in an engine occur 
immediately prior to the time of knock. It is believed that 
this characteristic of the fuel-engine relationship is what 
makes it possible to operate engines at today's high com- 
pression ratios. 
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ture for different fuels under fixed engine conditions is at- 
tributed to the increased precombustion reactivity which oc- 
curs as the octane number is lowered. We believe that the 
increased heat released by precombustion tends to compen- 
sate for the lower knock-limited compression ratio as the oc- 
tane number is reduced. 

6, Increasing engine speed, advancing ignition timing, 
or increasing fuel-air ratio from lean to stoichiometric cause 
higher final end-gas temperatures, Large changes in inlet- 
mixture temperature had no effect on final end-gas tempera- 
ture. 

7. The addition of organometallic additives, such as 
TEL and/or AK-33X, to improve fuel antiknock quality causes 
the final end-gas temperature to increase 50 to 150 R above 
the value for clear primary reference fuels of matching oc- 
tane number, The size of the increase is somewhat greater 
with lower octane fuels, which develop more precombustion 
reactivity before knock. It is believed that the increased 
heat release with the additive occurs because the additive 
merely allows the inherent reactivity of the lower octane 
base fuel to proceed further before knock occurs. This is 
added support for the argument that the extent of exothermic 
precombustion reactivity, in itself, does not control knock, 

8. Different clear fuels in the 100 octane number range 
have the same pressure crankangle and temperature-crank- 
angle relationships before knock occurs for any given set of 
knock-limited parameters. 

9. Based on the modified engine used in this study, the 
major distinction between the Motor and Research methods 
of knockrating fuels is that the Motor method stresses the 
temperature sensitivity of the fuel while the Research method 
stresses the time for reactions leading to knock, The pres- 
sure histories in the two engines are very similar. 

10. The characterization of fuel-engine relationships 
on the basis of relationships between end-gas temperature 
and density or between compression temperature and den- 


sity lacks experimental confirmation. 
11. The study of the autoignition of fuel- air mixtures 


in an apparatus which permits the determination of ignition 
delay under controlled conditions can be useful in under- 
standing the complexities of knock in an engine. 

12, Fuel sensitivity and engine severity can be under- 
stood on the basis of final end-gas temperatures and pressures 
and the basic ignition-delay characteristics of fuels, It was 
reasoned that increases in compression ratio, spark advance, 
and engine speed will make an engine milder. Higher in- 
let- mixture temperature, more throttling, and leaner fuel- 
air ratio than the chemically correct requirement will make 
the engine more severe. 

13, The time at which knock occurs comes earlier in the 
cycle for clear or leaded isooctane than for lower octane pri- 
mary reference fuels, This may be related to the difficulty 
in rating fuels in the high-octane range. Increasing spark 
advance or enrichening the fuel-air ratio tend tomake knock 
occur earlier in the engine cycle. 
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Discussion 


Concerning Data Reliability 
and Future Work 


A. R. Rogowski 
Massachusetts Institute 
of Technology 


AS THE speed-of-sound technique for measuring instantan- 
eous gas temperatures in engine cylinders was originally de- 
veloped by the Sloan Laboratory Staff at MIT, it is particu- 
larly gratifying to see this new research method used so suc- 
cessfully by Gluckstein and Walcutt in their study of end-gas 
relationships. 

The section of this paper which deals with Data Reliabil- 
ity should do much to instill confidence in this method in 
the minds of other workers in the field and spread the use of 
this effective tool. We at MIT have also been quite satis- 
fied with the reliability of data obtained with this equip- 
ment, One factor which must be considered is the possibil- 
ity of heat transfer between the transducer bars and the gases 
in the gap. It appears that gaps of less than 1/2 in. in length 
may lead to appreciable errors, 

The rapid rise in end-gas temperatures, shown in the pa- 
per, points up the importance of making certain that the gas 
being measured in the transducer gap is actually the end- 
gas. This is one of the problems when the transducer bars 
are used at right angles in a conventionally shaped chamber. 
From the standpoint of combustion research, it is also evi- 
dent that the usual fuel-air cycle calculations of end-gas 
temperatures where the effects of pre- knock reactions are 
ignored, are not necessarily accurate, 

With regard to future work, I would like to see the effect 
of fuel-air ratio on end-gas temperature (Fig. 13) extended 
to richer mixtures to see if the longer burning time would 
reduce the allowable temperature, as it seems to do for the 
lean mixtures, It would also be interesting to use inlet pres- 
sure as a variable in place of compression ratio. This would 
eliminate the effect of changes in combustion chamber ge- 
ometry from one run to another, The effect of engine speed 
and fuel-air ratio (Figs. 10 and 12) would be even more in- 
teresting if rerun with ignition timing set at each point to 
the value which would have given best power with a non- 
detonating fuel. The pressure-time histories would then be 
more nearly the same and the temperatures of Fig. 138 would 
probably be nearly constant. 

One of the uses of new methods is the checking of old the- 
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ories which may have been used too long. In the case of the 
temperature-density theory, the authors have demonstrated 
that its further use would be of little service to combustion 
research, 


Final and Early Knocking 


J. C. Livengood 
Joseph Kaye & Co., Inc> 


IN DISCUSSING the results and conclusions of this paper, I 
wish first to agree with the authors" belief that "... the rela- 
tive constancy of (the end-gas) temperature is only a matter 
of circumstances relating to engine operation and fuel be- 
havior characteristics, " 

That the final (knocking) temperatures and pressures of 
the end-gas in a given fuel-air mixture depend upon their 
histories is shown conclusively in Ref. (B).* The range of 
pressures for the occurrence of knock reported therein, ranged 
from 150 to 495 psia and the temperatures, ranged from 1390 
to 1900 deg R in the various experiments, The experiments 
in Ref. (B) were not performed at threshold knock, as were 
those in the present paper. With this limitation removed, it 
is possible to study the knock reaction over a wide area of 
the "map" as represented in Fig. 4. 

I also agree with the general observation that, "...the 
contribution to knock by reactions occurring early in the en- 
gine cycle must be small in comparison to the contributions 
of reactions just prior to knock. " 

However, this does not mean that the reactions which oc- 
cur early in the knock process are unimportant. Perhaps the 
greatest difficulty which may arise from attaching too much 
emphasis to the peak end-gas temperature, involves the pre- 
knock reactions of mixtures of compounds having greatly dis- 
similar chemical reactivity. In some of these cases there 
is evidence that the preknock reaction products from the dif- 
ferent compounds interact, so that, for example, a mixture 
of a with b may have a knock resistance higher than either 
aorb, This is known as synergism (C). 

This same problem applies to the behavior of additives. 
An extreme example can be cited from the behavior of cer- 
tain fuels in the MIT Rapid Compression Machine, where the 
addition of 6 ml/gal of TEL produced no effect on ignition 
delay. In the engine, however, with the same peak end-gas 
temperature and pressure, there was a marked reduction or 
elimination of knock. This difference in the effect of TEL 
in the compressionixmachine and in the engine can be ex- 
plained on the basis of the TEL decomposition reaction dur- 
ing the entire pressure- temperature-time history of the charge 
(D). It cannot be rationalized on the basis of the peak tem- 
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perature and peak pressure alone. 

With regard to the Rothrock Temperature- Density corre- 
lation, there are two benefits which we now have, but which 
Rothrock did not: 

1. We have gross reaction-rate data from compression 
machines, motored engines and now finally from firing en- 
gines. 

2, We can now measure, with nearly satisfactory accu- 
racy, the actual temperatures in the cycle. 

With these tools it is possible to evaluate properly the 
time effects which are so important. I am reminded of a 
remark made once by A. R. Ubbelohde to the effect that the 
science of combustion kinetics is laboring under a burden of 
too many theories and a paucity of experimental methods. 
It is encouraging to see that the authors are beginning to put 
things into balance, 
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Calculated Compression Temperature-Density 
Relationships — Valid or Invalid? 


B. R. Siegel, and 
A. V. Mrstik 
Sinclair Research Laboratories, Inc. 


THIS PAPER REPRESENTS a significant advance in the field 
of establishing end-gas conditions at the time of knock. How- 
ever, we challenge the generalization drawn by the authors 
that the characterization of fuel-engine relationships on the 
basis of the relationship between compression temperature 
and density lacks experimental confirmation, At least one 
prepared discussion of this paper also questioned the appli- 
cation of the temperature- density relationship in anti- knock 
studies. We hold to the substantiated belief that calculated 
compression temperature-density relationships are applicable 
as a very useful tool in relating fuel and engine performance, 

First, let us look atttwo examples demonstrating the va- 
lidity of the concept. The first example will demonstrate 


548 


M.E, GLUCKSTEIN and C, WALCUTT 


eae 


Table A - Results of Tests Evaluating Fuel 
Anti- knock Quality 


Knock Limited Pressure 
Manifold Air Comp. Dens. 


Engine Speed Comp. Mixture Calculated Comp. " 
rpm Ratio Temp. F Temperature, R Pressn ye bee Ib/FT 
1000 4:1 300 1207 60.6 0.346 
1000 6:1 200 1200 36.4 0.349 
1000 One 100 1207 20.2 0.351 


_oeporer  s 


Table B - Results of Test Relating Fuel Performance 
to Engine Performance 


Reference Fuel System 


Fuel Required for 
Trace Knock 


Iso-octane - n- Heptane 

Toluene - n- Heptane 

80 Octane Primary Ref. Fuel - TEL 
Prem. gaso. blend - reg. gaso. blend 


94% Isooctane, 6% n- Heptane 
717% Toluene, 23% n-Heptane 

80 Octane PRF + 1.65 ml/gas TEL 
90% regular - 10% premium 


a ———————— 


Table C - Test Results with Limiting Fuels Run in 
Single-Cylinder Engine 


94% Isooctane 
6% n- Heptane 


Engine Speed, rpm 1800 
Comp. Ratio 6.1 
Mixture Temp. F 100 
Cale, (Comp."Temp.; RK 1024 


Knock limited pressure 
Manifold Air Pres., “Hg. 32.0 
Calc. Comp. Density, 1b/Ft? 


771% Toluene 80 Oct. PRF 90% regular 
23% n- Heptane +1,65 ml/gal TEL 10% premium 
1800 1800 1800 

6.1 (Geyalk Gal 
100 100 100 
1024 1024 1024 
31795 Sj) 32.5 
O83 0, 345 0,351 


—————— ee ee eee 


the utility of the concept in evaluating fuel anti- knock qual- 
ity. Isooctane was run in a single-cylinder engine at a var- 
iety of conditions using peak power spark advance, In these 
tests, the mixture temperature and compression ratio were 
mutually adjusted to give the same calculated compression 
temperature. The manifold pressure was then varied to de- 
termine the level at which trace knock occurred. Table A 
shows the results which were obtained. 

The excellent agreement between the permissable cal- 
culated compression densities for a given calculated com- 
pression temperature, regardless of how widely the opera- 
ting conditions were varied, indicates that these two vari- 
ables properly describe the temperature, time and pressure 
environment of the fuel. This type of data has been obtain- 
ed on scores of fuels, 

The second example illustrates that fuel performance can 


teadily be related to engine performance by means of the 
compression temperature, compression density concept. In 
these tests, the octane requirement of a modern multi- cy- 
linder engine operating at wide-open throttle at 2000 rpm 
was obtained with four different reference fuel systems with 
the results shown in Table B. 

Since the fuels shown in the table just knocked in the en- 
gine, and since they were subjected to a common environ- 
ment, it necessarily follows that they must have had a com- 
mon knock- limited compression temperature if the tempera- 
ture-density concept is to be considered valid. To check 
the validity of this concept, these limiting fuels were run in 
the ASTM single-cylinder engine, and the knock-limited 
compression density was determined for each fuel at maxi- 
mum power spark advance with the results shown in TableC. 

After considering the accuracy of requirement data on 


END-GAS TEMPERATURE-PRESSURE IN RELATION TO KNOCK 


multi-cylinder engines, it is noted that all fuels had, for all 
practical purposes, the same knock-limited compression den- 
sity at a coMMon compressure temperature. This demon- 
strates the utility of this technique for properly describing the 
severity or combustion environment of a given engine, and 
for predicting the behavior of any fuel in that engine if its 
performance at a 1024 R compression temperature has been 
established in the single-cylinder engine, 

Having demonstrated the validity of the compression den- 
sity- compression temperature technique for relating fuel per- 
formance to engine requirements, the question arises as to 
why the authors obtained what they consider contradictory 
data. In reviewing the paper, several inconsistencies are 
apparent. First, the MIT rapid compression machine data, 
Fig. 4, show there is indeed a relationship between end-gas 
temperature and pressure for a given time delay to knock. 
Fig. 20, however, based on end-gas temperature and pres- 
sure Measurements in an engine would indicate that knock 
is caused by temperature and is independent of pressure, 

A possible explanation for the discrepancy is that the com- 
bustion environment in comparative tests was not uniform, 
and that the effective temperature-time- pressure history was 
coincidentally varied so that regardless of the end-gas pres- 
sure, knock always happened to occur at the same tempera- 
ture. Development of the temperature-density concept for 
evaluating anti- knock performance utilizes comparisons made 
at peak spark advance. In examining the authors’ data, it 
is noted that essentially all the work was done at a fixed spark 
advance regardless of the operating conditions used. Con- 
sequently, in many cases the engine desired a considerably 
different spark advance than it received. The paper shows 
that the end-gas temperature varies considerably with spark 
advance, and suggests that the constant spark advance may 
have been partially responsible for the peculiar end-gas tem- 
perature and density relationships noted. The absence of 
air- consumption data in the paper anddata addendum makes 
it impossible to reanalyze the data in accordance with cur- 
rent analytical practices to establish whether this is the true 
explanation. If a more comprehensive series of tests had 
been run, devoid of the confusion of improper spark advance, 
and utilizing the one independent variable available to the 
motorist, manifold air-pressure, the end-gas temperature 
for knock might not have been constant. 

On the other hand, it is undoubtedly true that there is a 
given end-gas temperature at which all fuels will auto-ig- 
nite, Forexample, our work with commercial-type fuels 
covering a significant range of octane numbers indicates that 
atacalculated compression temperature of about 1428 R all 
these fuels will auto-ignite at any compression density. 

In summary, comprehensive work carried out during the 
past several years appears completely to validate the use of 
calculated compression temperature and density fer describ- 
ing anti-knock quality. The concept, as now developed, 
has significantly progressed the science of relating fuel anti- 
knock performance to engine anti- knockrequirements. Draw- 
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ing a generalized contrary conclusion on the basis of the 
rather limited measured end-gas temperature data available 
would appear to be premature. We would encourage the 
authors to continue their temperature-measurement studies 
to clarify the relationship of the engine variables which af- 
fect the combustion environment of fuels in engines. 


Ignition Delay Period 


D.R. Diggs 
E. |. Du Pont de Nemours & Co. 


DEVELOPMENT of practical methods for the measurement of 
gas temperatures in an operating engine has made possible 
real advancements in our knowledge of engine thermody- 
namics. The authors have provided a wealth of new data, 
particularly related to conditions at the time of knock, which 
supplement the information on normal combustion previous- 
ly reported by Livengood (A). 

Since end-gas temperatures at knock-limited conditions 
can now be measured and end- gas pressures can also be meas- 
ured, it is only necessary to determine a meaningful value 
for the ignition delay to have an absolute definition of the 
fundamental variables: temperature, pressure, and time- 
controlling knock, The authors’ paper contains a great deal 
of helpful data on knock-limited end-gas temperatures and 
pressures but more information on ignition delay is still need- 
ed. The importance of the time concept is shown by the 
authors' demonstration that Rothrock's temperature-density 
concept of knock is not confirmed experimentally. The fail- 
ure of this concept to consider the time factor is very likely 
a major reason for its inadequacy. As the authors point out, 


it is difficult to understand knock- limited fuel- engine rela- 
tionships without the help of basic ignition delay informa- 
tion, The question is then how to obtain this information. 

In trying to assign a value to the ignition delay, the prob- 
lem is to define the beginning of the delay period. It can 
be reasonably assumed that the delay period ends at the time 
knock occurs and this can be easily determined. Broadly, 
the beginning of the delay might be defined as the time at 
which the state of the end-gas first deviates from that which 
would exist if there were no fuel present. However, there 
is no convenient way of determining when this occurs. It 
may be marked only by chemical changes which have no 
immediate physical manifestation. The earliest event in 
the combustion process which lends itself readily to meas- 
urement is ignition, Recognizing that there is no reason why 
the ignition delay period of the end gas should not begin be- 
fore ignition but also recognizing that it must begin no later 
than ignition (if for no other reason than that radiation from 
the flame would alter the state of the end-gas), some of the 
authors’ data have been used to examine the relation between 
the state of the end-gas and an ignition delay, arbitrarily 
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Fig. A — Ignition delay of various fuels at several Mix. Temp. 
with constant end-gas temperature 


defined as the time between ignition and knock, The pur- 
pose of this definition is merely to establish some quantity 
which can be used to test the importance of the time factor. 

Since pressure, temperature, and time are all variable, 
it is convenient to hold one constant while examining the 
relation between the other two, Therefore, experiments 
which resulted in an essentially constant end-gas tempera- 
ture were selected. The data from these experiments, which 
were conducted with different fuels and different mixture 
temperatures, are given in the first section of Table 5, The 
engine speed, ignition timing, and fuel-air ratio were con- 
stant. Fig. A shows that, although there is considerable 
scatter of the data, the higher the knock- limited end-gas 
pressure (at constant temperature)the shorter the arbitrarily 
defined ignition delay. This is in accord with theory, Fur- 
thermore, an exponential relation between pressure and time 
fits the data of Fig. A reasonably well. This type of rela- 
tion has been found previously in rapid compression machine 
studies, 

The scatter of data in Fig. A is not unexpected because 
it includes observations on different fuels at different mix- 
ture temperatures, These factors would certainly influence 
the form of the relation between pressure and ignition delay. 
A more precise demonstration of the importance of the time 
factor is obtained by examining the experiments witha single 
fuel. Fig. B is a plot of all the data reported by the authors 
for isooctane when the engine speed and end-gas tempera- 
ture were reasonably constant. Fuel-air ratio and ignition 
timing were varied, It is quite apparent that the relation 
between pressure and time is real. There are two data points, 
however, which are quite far removed from the correlation 
line. These data were obtained at mixture temperatures con- 
siderably above the nearly constant temperature at which all 
the other data shown were obtained. It seems reasonable 
that at higher mixture temperatures the ignition delay period 
would begin sooner and might in fact start before spark ig- 
nition, This, of course, would not be considered in meas- 
uring the delay from the time of ignition. Note that longer 
real delays at these two conditions would move the points 
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Fig. B— Ignition delay of isooctane at several engine operating 
conditions with constant end-gas temperature 


in the direction of the correlation line. 

To test the relevancy of the arbitrarily defined ignition 
delay further, the data at two different engine speeds were 
examined. Relatively small changes in the number of crank- 
angle degrees from ignition to knock accompanied a change 
in engine speed from 600 rpm to 1200 rpm, There was gen- 
erally a small increase in the knock-limited pressure at near- 
ly constant end-gas temperature at the higher speed. Con- 
sidering, however, that the absolute delay period was halved 
at the higher speed, much larger increases in knock- limited 
pressure might have been expected. Perhaps this is only a 
reflection of the inadequacy of the ignition time as a meas- 
ure of the start of delay. 

From the foregoing it is apparent that increased under- 
standing of knock- limited fuel-engine relationships would 
be possible if accurate information on the ignition delay in 
the end-gas were available. Although data of the type ob- 
tained by the authors can be manipulated to show the im- 
portance of the delay concept, fundamental methods for de- 
termining the real value of the delay are needed. Perhaps 
this could be accomplished by measuring the end-gas state 
throughout the cycle in the absence of combustion and com- 
paring it to the state existing with combustion to find the 
start of the delay period. The authors’ measurement of com- 
pression temperatures suggest that this approach might be 
feasible, or data might be obtained with various proportions 
of oxygen and nitrogen in the charge so that the start of the 
delay period might be determined. 

The difficulty of using the temperature- pressure- time his- 
tory of the end-gas to formulate an absolute system of knock- 
rating is well illustrated by the authors" data on fuels of the 
same octane number achieved by blending or by use of an 
antiknock additive. Here quite substantial differences in 
the end-gas temperature exist with the same end-gas pres- 
sure and time of knock, Compare the data for 60 ON pri- 
mary reference fuel and 40 ON primary reference fuel plus 
1.5 ml TEL/gas (which rates 60 ON) for example. The dif- 
ferences in temperature are ascribed by the authors to greater 
precombustion activity of the lower octane number fuels and 
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Fig. C— End-gas temperature-pressure history of isooctane 
under knock-rating conditions 


this is entirely reasonable, It is somewhat surprising, how- 
ever, that no manifestation of this difference is apparent un- 
til about 25 crankangle deg after ignition (Fig. 15), It might 
be expected to occur earlier even though, as the authors have 
said, the major portion of precombustion activity occurs just 
prior to knock, However, the complete history is shown only 
for the 60 octane number fuels, Fig, 15. Was the same type 
of history, with the precombustion activity manifesting it- 
self late in the cycle, observed with the higher octane level 
fuels? 

As the authors point out, their analyses are based on one 
particular way of achieving knock- limited conditions, It is 
interesting to speculate what might happen if data were ob- 
tained at varying manifold air pressures and constant mix- 
ture temperature. At high manifold pressures low compres- 
sion ratios would suffice for knock and vice versa. It might 
be argued that end-gas pressures would then be nearly con- 
stant and end-gas temperatures vary in the same way that 
pressures varied at nearly constant temperature when inlet 
mixture temperature was changed in the authors’ studies, It 
is hoped that data of this type will one day be available, Al- 
so, what might happen if the compression ratio were held 
constant and the manifold air pressure raised to produce 
knock? 

Now that methods are available to measure end-gas tem- 
perature it is instructive to examine previous data based on 
calculated end-gas temperatures. Fig. C is taken from an 
SAE paper by Corzilius, Diggs, and Pastell (B). It shows the 
end-gas history of isooctane under research and motor meth- 
od octane rating conditions. The curves were developed 


from measured pressures and calculated temperatures assum-: 


ing isentropic compression of the end-gas, Also shown are 
the autoignition limits of isooctane determined in a motor- 
ed engine operated at speeds corresponding to those of the 
research and motor method, At the time that work was done 
it was postulated that the intersection of the autoignition 
limit curves and the fired engine curves would define the 
end-gas state at which isooctane would be knock-rated by 
the respective methods, The time factor was accounted for 


551 


--- MEASURED 
— CALCULATED 
7 


TEMPERATURE- °R 


100 200 300 400 500 600 
PRESSURE -psia 
Fig. D — Comparison of calculated and measured end-gas tem- 


aA Soe histories of isoctane under knock-rating con- 
itions. 


by defining the curves at the appropriate speeds. Notice that 
according to Fig. C isooctane should knock at the same end- 
gas pressure in both methods and this value should be about 
480 psia. These suppositions are quite nicely supported by 
Figghiss 

The suppositions with respect to end-gas temperature are 
not nearly as good although the difference between the ac- 
tual value, Fig. 17, and the calculated value is only 150 R 
in the case of the motor method, It is considerably greater 
under research method conditions. Since the temperature 
calculations do not take into account any heat liberated by 
precombustion reactions, it might be expected that they 
would be in the greatest error in the case of the research 
method where more time is available for precombustion ac- 
tivity. The difference between calculated and measured 
end-gas histories is shown in Fig. D. The measured values 
were obtained by cross- plotting thé data from Fig. 17 and18, 

The authors have shown how information on end-gas pres- 
sures and temperatures can be used to further our understand- 
ing of fuel-engine relationships, It is to be hoped that they, 
as well as others, will continue to use the technique discus- 
sed in the paper to develop still more knowledge of end-gas 
thermodynamics. 
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Authors’ Closure to Discussion 


FIRST, we would like to thank Messrs, Livengood, Rogowski, 
and Diggs for their efforts in preparing discussions of our pa- 
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per and for their many kind words. 

Apparently the one factor causing the greatest concern is 
the evaluation of the time element in knock. Livengood's 
approach requires that knock should occur when the integral 
of reciprocal ignition delay with respect to time is equal to 
unity. This presumes that the reactions leading to knock are 
of zero order, or dependent on time alone and independent 
of concentration of reactive species, Although this model 
has led to useful results in a rapid-compression machine, it 
is inconsistent with established combustion and chain-branch- 
ing mechanisms. We have not found it to be generally ap- 
plicable. 

Diggs questions whether some method might be developed 
that would indicate the time of initiation of reactions lead- 
ing to knock. His figures showing that the time between 
spark ignition and knock increases as end-gas pressure de- 
creases at a fixed end-gas temperature are most interesting. 
We believe, however, that no significance can be placed 
on the time of ignition as the time of initiation for preknock 
reactivity, since a similar relationship would have been ob- 
tained had any other starting time been used. Although these 
plots do not show the time at which knock reactions start, 
they do give very nice additional evidence in support of the 
time factor in engine knock, 

We agree with Diggs that the onset of reactions leading 
to knock may have no outward physical manifestations, Evi- 
dence of the thermoneutral reactions leading to knock is 
shown by some of our previous work. (A) In that study, we 
compressed a fuel- air mixture in a motored engine and then 
fed the exhaust products into a spark-ignited rating engine. 
The results obtained show that although exothermic reactiv- 
ity did not begin to occur in the motored engine until com- 
pression ratio reached about 12.3:1, sufficient thermoneutral 
reactivity was Occurring at about 11. 6:1 to cause a sharp de- 
crease in fuel antiknock quality. 

The major opstacle to the determination of the signifi- 
cant ignition delay in an engine is the proper formulation 
of the mathematical law for integration of delay under chang- 
ing end-gas state. Clearly, the exponential term in the de- 
lay equations does not permit a zero delay. However, phys- 
ically, the integrated delay must go to zero if knock is to 
occur. In addition, when the delay goes to zero, there must 
be a finite quantity of end-gas remaining. This is shown 
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schematically in Fig. E which plots mass-fraction end-gas 
and the difference between the delay at a given instant in 
the engine cycle and the total integrated delay up to that 
instant against cycle time. By formulating the delay in this 
manner, a zero delay may be obtained even with an expon- 


‘ential equation. The instantaneous delay could be comput- 


ed from information such as obtained in the rapid- compres- 
sion machine. However, there is no way known, as yet, to 
determine the integrated delay. Thus, a complete solution 
to the problem of knock as outlined in Fig. E is not possible 
at the present time. It is for this reason that we believe 

knock ratings will necessarily have to continue to be made 
in conventional engine apparatus. 

Comment was made that we showed the complete history 
for only 60 ON primary reference fuel and the matching 40 
ON primary reference fuel plus 1.5 ml TEL/gal. Similar 
data are presented in an addendum to this paper for other 
additive fuels. 

Many competent workers have endeavored to calculate 
the end-gas temperatures in an engine, It is not likely that, 
even with the most sophisticated procedures, calculations 
can be made with suitable precision for use in understand- 
ing knock reactions, The main difficulty lies in the absence 
of a priori data on the mass and volumetric burning rates and 
the energy liberated by precombustion reactivity, Ordinary 
thermodynamic calculations based on polytropic compres- 
sion are unsatisfactory, since compression of the end-gas by 
the flame front differes from compression by an ordinary pis- 
ton in that the mass of the compressed medium varies in an 
unknown manner, The polytropic law is devised for a closed 
or steady-state system. There appears to be no alternative 
to direct temperature measurement. 

As suggested, we have speculated that it should be pos- 
sible to operate an engine with variable manifold pressure 
and adjust the compression ratio for constant knock ata fixed 
inlet- mixture temperature. This should allow the final end- 
gas pressure to remain constant while the end-gas tempera- 
ture is varied. There are undoubtedly many experiments 
that still need to be done. The work we have presented here 
is only a small start in a direction that we hope will help to 
clarify the whole knock problem. 

We are grateful to Messrs. Mrstik and Siegel for their 
prepared discussion of our paper, We regret that they feel 
our findings are contradictory to their experiences. In our 
studies, we were attempting to make measurements of the 
physical state of the end-gas and correlate the evidence thus 
obtained. We found, unfortunately, that a correlation be- 
tween end-gas temperature and density, as proposed by 
Rothrock, was not indicated. This, as stated in the paper, 
does not mean that correlations based on engine parameters 
are not useful. 

We would like to emphasize that we believe the factors 
controlling knock for a given fuel-air mixture are end-gas 
pressure and temperature and the ignition delay. Unfort- 
unately, we know of no way to measure ignition delay in 
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an engine. Therefore, it was necessary to interpret the en- 
gine data with the help of results from the rapid- compression 
machine, Fig. 4 shows the nature of this correlation. In 
Fig. 20, which is purely engine data (Rothrock's and our own), 
the element of time is completely absent. It was found for 
the particular tests we ran that knock is highly pressure sen- 
sitive (or density sensitive) with a relatively constant end- 
gas temperature, We had expected that the pattern of plot- 
ted points would fall along lines similar to those found by 
Rothrock, Since this is not the case, we can only conclude 
that the time element, which is not shown in Fig. 20, must 
be the controlling factor, The implication would be that 
the points near the top of Fig. 20 correspond to a much 
shorter ignition delay than those nearer the bottom. 

We have assumed that, for a basic concept to be valid, it 
must be operative at all engine conditions that bring on 
knock, Since a few engine operating conditions were found 
where the basic concept did not work we saw no great use 
in examining all other conditions where different results 
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might be obtained. It should be emphasized that we do not 
believe the end-gas temperature is constant for all engine 
operating conditions, Our work with a number of engine 
parameters, as discussed in the paper, shows that this is not 
the case, We stated that the relative constancy of tempera- 
ture in some of our results was only a matter of circumstances 
arising from the engine operating conditions employed. 

In our original engine records very much more data were 
recorded than was possible to put into our paper, Because 
of brevity, there is always some question of what data to in- 
clude in the text. However, we will be glad to furnish in- 
terested parties information on fuel and air consumption, or 
manifold pressure, 
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Effect of Material and 
Processing Variables on Residual Stress in 


COMPONENT PARTS of machinery used in all phases of in- E. T. Bergquist 
dustry are being required to carry higher unit loads for longer 


Western Gear Corp. 
periods of time. This is done at the same time that design 


requirements demand overall lighter-weight machinery. 
Assuming the above to be true, all that seems necessary S. M. Lenhoff 
would be to find the optimum processing technique for a given U. S. Army Ordnance 


material which would result in a relatively high amount of 
residual compressive stress, While this can often be done 
with simple shapes, a more difficult problem is encountered 


when dealing with parts of complex geometry, such as gears. a 

Since the final drive gearing on Army Ordnance Tanks iS L — — ea 

and other tracked vehicles are among the most highly stress- A SSS : a es 

ed gears in use at the present time, it was felt that if manu- : = ae 2 Eo a 
facturing methods which would produce residual compressive 8 ===55 
stresses could be developed, increased performance of the : ais 
gears would probably result. 5 TS 
2 SS 
: = == 
Discussion P a ‘se= 


1,23 4. .6 8 20) 22) oid S16) 18520 62 oa oe sop 30 
A * A 4 > ° ist i 
ne investigation ae begun in 1956* to compare residual Distance from Quenched End in Sixteenths of an Inch 


stresses resulting from different combinations of materials 
and heat treatment, The hardenability and chemical an- 


CHEMICAL ANALYSIS 


Type of Steel 8620 


alyses of the materials used in this investigation are shown Heat Number 46574 
Cc 0,20 

Mn 0.74 

P .023 

. : F 8 
*The work described in this paper was conducted at West- Si 0125" 
* oe Cc 0 

ern Gear Corp. , Lynwood, Calif., under contract to Pacific Ni 408 
Mo 0.20 


Car and Foundry Co., Renton, Wash. , and under the di- 
rection of Ordnance Tank-Automotive Command, Center- 


line, Mich. Fig. 1 — Jominy hardenability curves and chemical analysis 
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Carburized and Induction-Hardened Gears 


Table 1 - Gas Carburized Samples 


Material 4820 4815 


8620 


Effective Case Shallow Deep Shallow Deep Shallow Deep 
Depth (Notes 
1 & 2) 

Quench Method 
Agitated Oil 
Direct Quench 

Direct Brine 
Quench 

Martemper 

Double Quench 
in Agitated 
Oil 
Slow Cool, Re- 
heat, Agitated 
Oil Quench 

Slow Cool, Re- 
heat Brine 
Quench 


in Fig. 1. 

Of the steels shown in Fig. 1, 4815 and 4820 are those 
normally utilized in Ordnance Final Drive Gearing. The 
other materials were chosen in order to evaluate the poten- 
tial of processing leaner alloy steels to obtain residual com- 
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pression in the gear tooth surfaces, 

The scope of the investigation is shown in Tables 1-4, 
For each X mark shown, a minimum of four samples were 
processed. The "shallow" and “deep” under each material 
indicates “effective case depth" (RC 50 minimum). This 
was checked on a cross-section of the tooth at the start of 
active tooth profile. The case cafbon content of all car- 
burized samples was maintained at approximately eutec- 
toid composition. 

In Table 1 it can be seen that tor any given case depth, 
six different methods of quenching were tried on any given 
material. A minimum of 144 samples were processed by 
gas carburizing, using the quenching methods indicated, 
The pack carburized samples were investigated to determine 
if the method of carburizing had an effect on the residual 
stresses obtained, The quench method used for the pack car 
burized samples was the method which resulted in the high- 
est residual compressive stress obtained in the gas carbur- 
ized samples. 

Table 3 lists the steels and processes utilized in the in- 
duction-hardening phase. The “deep” case depth denoted 
for the 1045 steel was obtained by induction-hardening a 
previously quenched and tempered structure. The carbur- 
izing grades shown were initially carburized and then either 
slow-cooled and induction-hardened, or else quenched and 
tempered and induction-hardened as indicated, In eachcase 
every effort was made to have the final effective case depth 
in the range of 0.070 to 0.090 in, 

The final phase (Table 4) of this investigation was in- 
cluded to evaluate the effect of varying amounts of retained 
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Fig. 2 — Scribing gage location with template guide 
Table 2 - Pack Carburized Samples 

Material 4820 4815 8620 
Case Depth Shallow Deep Shallow Deep Shallow Deep 
Quench Method 
Best x x Xx Xx x x 
Worst Xx Xx xX xX x x 
Note: 


Quench Method to be established from results of Table 1. 


austenite on residual stress. Samples of 4820 steel were gas 
carburized and quenched by the “best” method of Table 1 
and subjected to the indicated period of time at -100F. All 
times shown at -100F are total time of immersion in a bath 
of Methanol and dry ice. As can be noted, half of these 
samples were subsequently drawn at 325F, 

The sample used in this investigation is shown in Fig. 2. 
All samples were gears with a 3-1/2 in. tace width, approx- 
imately 4 in. in diameter, 14 teeth, 4 diametral pitch size 
of gear teeth, and a 25 deg pressure angle. The hub ex- 
tension on the sample, which was 2 in. in diameter and 1- 
1/2 in. long, was used for determination of case carbon con- 
tent and for metallurgical investigations, All of the sample 
gears were manufactured using identical manufacvuring tech- 
niques. The various materials were normalized, rough- 
turned, rough-hobbed, given a thorough stress relief, and 
then finish-hobbed and shaved to the final gear dimensions, 
Complete inspection records were kept as to tooth dimen- 
sions and sizes during all final stages of processing. After 
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final heat treatment and final inspection had been com- 
After final heat treatment and final inspection had been conr 
pleted, three teeth of the sample were marked. These teeth 
were equally spaced around the sample. The three teeth 
were then fitted with a template and locations for strain gages 


were scribed. This insured that the strain-gage locations 


on the teeth would be the same with respect to the ends, 
tips, and roots of the teeth for all samples. 

After locating the areas for strain-gage attachment, the 
parts were thoroughly cleaned, It was found during this in- 
vestigation that if extreme care in cleaning the samples was 
not exercised, improper strain-gage readings resulted, All 
gages were attached with Duco cement and thoroughly dried. 
Gages were attached to both sides of the selected gear teeth. 
A speeial waterproofing wax was applied over the strain gages 
to protect them during subsequent parting-out of the speci- 
men used for analysis, 

Caution had to be exercised in taking the actual strain- 
gage readings, It was found that the location of attachment 
of the leads from the strain gage to the lead wires going to 
the strain recorder made a definite difference in the values 
of the strain reading. Therefore, the individual lead wires 
from the strain gage were bent and immersed in a mercury 
cup for contact. Fig. 3 shows the lead wires being bent to 
the exact length for immersion in the mercury cup. Fig. 4 
shows the initial or zero strain-gage readings being taken. 
As can be seen in Fig. 4, both horizontal and vertical strain 
gages were used. A total of 12 strain gages, one vertical 
and one horizontal on each side of the three selected teeth, 
were used in the analysis of each sample gear. 

Fig. 5 shows the tooth being parted from the sample. A 
positioning fixture was used to insure that all parting-out cuts 
were made in an identical fashion, so that if any stresses 


Fig. 3 — Bending gage lead wires uniformly with gage 
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were introduced during this operation they would be the same 
on a comparative basis for all samples. A copious amount 
of coolant was used to avoid overheating and burning of the 
specimen. 

Fig. 6 shows a breakdown of the sample to its final size, 
denoting the way the sample was cut and then dissected down 
to the final specimen. A cross-section of the tooth shown 
at the left of Fig. 6 was parted 1/2 in, in from the end of 
the tooth, and was used tor case depth determinations. The 
specimen plug used tor carbon analysis is shown near the cerr 
ter of Fig. 6. This specimen plug was parted trom the test 
Pinion after removal of the tooth used for analysis. The act 
ual sequence ot taking strain-gage readings, was as follows: 

Initial strain-gage readings were taken after heat treat- 
ment and dimensional inspection to establish "zero condi- 
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tions” on the intact gear, Subsequent strain-gage readings 
were taken both after parting of the tooth from the sample Fig. 5 — Parting tooth 
pinion, and also after specimen sizing. The difference be- 
tween the zero reading and the specimen-sizing reading was 


denoted as St. This value included two factors: Table 3 - Induction Hardening 
1, Change in length. 
2. Change in curvature. Material 1045 1018 4815 8620 
At this point the strain gage was removed and dissection domi 
begun to determine subsurface stresses. During this dissec- Case Depth Deep Deep Deep Deep Deep Deep 
tion process, curvature readings were taken after each re- QuenchMethod X1 x2 x8 x2 x3 x2 
moval of 0. 001 in. increments of material until the speci- 
men was reduced to approximately 0.030 in. thickness. Note: 
The curvature changes obtained during the dissection pro- 1. Quench and tempered at 1000 F prior to induction 
cess were then converted to stress data by use of the "beam Hardening. 
dissection method” of calculation. A typical curve of the 2. Carburized, Quench and tempered at 1000 F prior 
subsurface stress gradient is shown in Fig. 7 as the dotted line to Induction Hardening. 
labeled “uncorrected” curve. The straight line shown as 8. Carburized, slow cooled arfd Induction Hardened. 


"correction factor" was established from the St value, in- 
corporating the change in length and change in curvature 
prior to dissection as mentioned above, “The algebraic addi- 


tion of the “correction factor" to the "uncorrected" curve 
then gave the final solid line labeled "corrected curve" shown 
ab IBIS le 

A previous study conducted in 1954, in which 90 samples 
were stress-analyzed by the beam-dissection method, es- 
tablished the fact that the final or “corrected” residual stress 
at the surface (Sf) was normally within +10, 000 psi and at 


/ y, 2 ae ES reer most, in rare cases, within +20, 000 psi of the St value, Pre- 


' 


liminary tests, which were run at the beginning of the 1956 
investigation, reconfirmed that the S_ value was still the 
dominating factor of surface stress, In view of this and the 
basic fact that the majority of gear failures encountered nor 
mally originate at the surface, it was felt that the objec- 
tives of the program could be attained by utilizing the Sy 
values as a measure of residual stress for 90% of the total 
samples. The remaining 10%, plus those of the original 90% 
which displayed high compressive values of St, were com- 
pletely dissected. This was considered advantageous in that 


Fig. 4 — Using mercury cup connector for first (zero) strain gage it allowed a greater number of material and processing vari- 


reading ables to be evaluated. 
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Fig. 6 — Operational requirements for analysis 


Table 4 - Sub-Zero Treatment (Retained Austenite) 


Time at - 100F 
(Minutes) 0 2 30 


Draw at 325 F Yes No Yes No es= No 
Specimen IS OK Ko 1X LX 


Material AISI 4820 steel carburized 0.070 in. /0. 090 
in. deep. Carbon 1, 00% 
Direct Quench by best method as determined by Table 


1, Shallow effective case depth - 0. 040/0. 060 
2. Deep effective case depth - 0.070/0, 090 
3, Case carbon range - 48XX - Eutectoid composition 
+ 0, 08% carbon 
- 86XX - Eutectoid composition 
+ 0, 08% carbon 


Results of Investigation 


Gas Carburized Samples - Table 5 shows the average 


St value obtained on any given set of samples. The num- 
bers shown in their respective locations of case depth, ma- 
terial and quench method, indicate the average S; value 
(in 1000 psi) obtained on samples processed. Negative val- 
ues indicate residual compressive stress, It can be seen that 


no material or quench method gives consistently outstanding 
results, The 8620 material processed by slow cooling, re- 
heating, and quenching into agitated brine gave the highest 
St Values (42, 700 psi average) tor the gas carburized sam- 
ples. 

In view of the fact that a 0.070 - 0,090 in. case depth 
on the slow-cooled, reheated, and brime-quenched 8620 
gave the best results, it was decided to run additional sam- 
ples with a deeper case (0.100 in.) to ascertain whether 
higher compression might be attained. It can be seen that 
the residual compressive stress dropped to a value of 22, 000 
psi. Similar tests (results of which are not included) were 
run on other steels within this group. The results indicate 
that there seems to be an optimum depth, in terms of re- 
sidual stress, tor any given material and processing tor this 
gear geometry. 

It was felt that definitive trends might be established by 
re-evaluating the results of Table 5A. Accordingly, all St 
results of samples of one particular material which were gas 
carburized, regardless of the quenching method, were group- 
ed together. The materials were then analyzed on the basis 
of the highest St value, As can be seen in Fig, 8, the aver- 
age results tor the 8620 material is slightly superior to the 
other two materials tested. The difference, however, is not 
very great. In this same tigure are shown the average S; 
values of all shallow- and deep-case samples irrespective 
of materials; and here again the difference between shallow- 
case and deep-case samples is considered to be negligible, 
Based on any single sample the highest St value was found 
for the deep-case sample and was approximately 44, 000 psi. 
The highest shallow-case sample had an St value of approx- 
imately 26,000 psi. The single line extending trom the sol- 
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Table 5 - Average Values of S; in 1000 psi 
(each value is average of two results with exceptions noted below) 


A. Gas Carburized Samples 


Material 4820 4815 8620 
Quench Method Eff Case Shallow Deep Shallow Deep Shallow Deep 
Agit'd Oil Direct Q - 3,59 = 9, OL = 7.03 = 9,13 - 2,83 -12, 75 
Direct Brine Q -13.85 -16.62 -14, 58 -13, 56* -13, 21 -26, 30 
Martemper -18, 39 -26, 23 -18.65 = YH -10, 26 = 0.99 
Dbl. Q in Agit'd Oil -11. 40 -28, 50 -16, 00 = 2,02 =“16 517 merits) 
Sl. Cool, Reh't, Agit'd Oil - 7,06 -21, 83 - 8,43 =ei, Ue -25, 80 -16, 32 
S1. Cool, Reh't Brine Q -11,87 -20, 83 =1 7500 SSslay lias -16,63 -42, 70 
Deeper Case (0.100 in) Sl Cool, Reh’t Brine Q -22, 00 
B. Pack Carburized Samples 
Material 4820 4815 8620 
Eff. Case Depth Shallow Deep Shallow Deep Shallow Deep 
Sl. Cool, Reh't, Brine Q -11.85 - 3,65 -13, 78 -11,47 -13,11 - 6,11 
C, Induction Hardening 

Material 1045 1018 4815 8620 
Case Depth Deep Deep Deep Deep Deep Deep 

Quench Method xi x2 x3 x2 Re x? 
Specimen -17. 95* - 5,15 -20, 53 -18, 64 - 7.54 -19, 35 

Note: 1. Quench and Tempered at 1000 F prior to Induction Hardening. 
2, Carburized, Quench and Tempered at 1000 F prior to Induction Hardening. 
3, Carburized, Slow Cooled and Induction Hardened. 
D. Sub-Zero Treatment (Retained Austenite) 
4820 Material Deep Case (Direct Brine Quench) 
TIME AT - 100 F (Minutes) 0m, mee 30, 

Draw at 325 F Yes No Yes No Wes No 

Specimen - 9,05 lis Gill -11, 72 -16. 95 me hy -26, 00 


Note: “Indicates values average from four (4) results 


Negative values indicate compression 
eee ee nnn 


the 4815 material showed the highest Sz value tor the shallow- 
case depths. We cannot explain this on the basis of difter- 
ences in hardenability since the hardenability curves of the 
4815 and 8620 materials were almost identical. 


id average bar denotes the highest St value obtained for that 
particular material which was gas carburized. 

No logical explanation can be given why the 4820 and 
8620 material had higher St values in the deep case, and 
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Fig. 7 — Typical stress gradient curve for carburized gear 


In Fig. 9 the quench methods are evaluated and the ma- 
terial is disregarded. As can be seen, the slow-cooled, re- 
heated, and brine-quenched samples resulted in the highest 
average S; values. The average value 1s shown as the black 
bar of any given method of quenching. The highest St val- 
ues obtained by that quench method is shown by the single 
line extending from the average bar values. Here again, 
note that the slow-cooled, reheated, and brine-quenched 
samples resulted in an St value of approximately 43, 000 psi, 
which 1s considerably higher than any of the St values ob- 
tained for any other method of quenching. Quenching di- 
rectly into agitated oil (which is customary practice on the 
part of many concerns) resulted in the lowest St value. 

Pack Carburizing - From the quench methods, shown 
in Table 2, used in pack carburizing, it can be readily seen 
that the optimum process varied for the steel and case depth 
utilized. It was, therefore, decided to take the method re- 
sulting in the highest St value (slow-cool, reheat, and brine 
quench) and use the same procedure tor all samples in the 
pack-carburizing phase ot the investigation. Table 5B lists 
the values of S; for the samples processed by pack carbur- 
izing. As can be seen trom this table no exceptionally high 
St values were obtained, in comparing these values with 
the St values obtained from gas carburizing, two. major points 
of interest were found, First, the shallow-case depth pack 
carburized samples showed comparable St values to those 
which had been gas carburized and identically quenched; 
whereas the pack carburized specimens having a deep case 
showed much lower values (with the exception of 4815 steel) 
than did the comparable gas-carburized specimens. Second, 
in all instances, the best results were obtained in the pack- 
carburized samples with the shallow-case depth. It is in- 
teresting to note that a comparison of St values for shallow- 
case depth of all pack-carburized materials shows them to 
be almost identical, 

Induction-Hardened - The materials which were induc- 
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Sy in 1000 psi 


Shallow Case 
4820 MATERIAL 
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Fig. 9 — Average values by quench method, all material com- 
bined (Table 1 — gas carburized) 


tion-hardened resulted in S; valuesranging from 20,500 to 
5,150 psi (Table 5C), As mentioned previously, allsam- 
ples that were carburized prior to induction-hardening were 
given sufficient time in the carburizing media to assure that 
a "deep" carburized case was obtained. Here again, no ex- 
ceptionally high St values were found. A comparison of 1018 
and 4815 materials, with varying pretreatments, indicated 
a definite lack of trend to indicate an optimum heat treat- 
ment prior to induction hardening. 

Subzero Treatments - Table 5D lists the S; values for 
the subzero treatment of the 4820 material. In all casesthe 
samples were quenched from the carburizing temperature 
into a 10% brine bath maintained at 50F. Microexamina- 
tion of the quenched samples showed appreciable amounts 
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Fig. 10 — Stress gradient of specimen 3CAA (4820 material, 
deep case, martempered) 
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deep case, slow cooled, reheat, brine quenched) 


of retained austentite and a surface hardness equivalent to 
56 RC, It may be noted that the St value of the brine-quen- 
ched sample which had not been drawn was increased from 
approximately 19, 000 psi to 26,000 psi after a 30-minute 
subzero treatment. The surface hardness at this time was 
66 RC. A comparison at equivalent subzero times of those 
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Fig. 12 — Residual stress gradients, gas carburized pinions 


specimens which were not drawn to those drawn at 325 shows 
that in each case there was a marked reduction in the St vak 
ue. In view of the fact that it is a common practice totem- 
per after a subzero treatment, these reductions in residual 
compression merit further consideration of this tempering 
practice. 

Completely Dissected Specimens - The completely dis- 
sected specimens gave corrected curves which showed ex- 
tremely close correlation between Sf and St, thus contirm- 
ing the original assumption that a restricted analysis was ad- 
equate to obtain the objective of the program of determining 
surface stresses. In conformation of this, as well as to show 
subsurface residual stress distribution, Figs. 10 and 11 are 
shown. In addition to the correlation between Sf and St 
there is another factor which is noteworthy. In both figures, 
the location of maximum residual compressive stress is not 
at the surface, but rather at a distance of 0.012 in. below 
the surface. Subsurtace stress reversals have also been noted 
by other investigators in the field (1)* 

To show the eftect of quench variables, sample pinions 
of 8620 material were carburized in the same turnace load, 
and quenched as shown in Fig. 13, It can be seen that the 
reheated sample developed an overall higher residual com- 
pressive stress, Note how closely the shape of the two curves 
are in agreement. 


Summary 


The original objective of this work was to correlate re- 
sidual stresses with existing industrial heat-treating prac- 
tices for various commercial steels tor the ultimate improve- 
ment of tank and other tracked vehicle tinal-drive assem- 
blies by using optimum processes, Aiter selecting the areas 
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for investigation the specific purposes were: 

1, To compare residual stresses resulting from the differ- 
ent combinations of materials and heat-treating methods, 

2, To discover the combination of material and heat- 
treat method resulting in the most favorable residual stress 
pattern. 

3, To determine whether the parting-out stress (St) cor- 
rection factor is a major determing factor of surface stress. 

In the pursuance of this work, over 300 sample pinions 
of different materials were processed, The vesults of the an- 
alysis showed that optimum residual compressive stress*(St 
value = 42,700 psi compression) was attained by gas-car- 
burizing, slow-cooling, reheating, and brine-quenching 
8620 steel. However, the St value obtained with this steel 
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and processing method was not particularly outstanding over 
some of the other samples treated. Considering the program 
as a whole, the maximum difference between the highest 
and lowest S; value was approximately 42,000 psi. In con- 
clusion, it is obvious that the relationship and understanding 


‘of the role of residual stresses to gearing can be considered 


as an art rather than a science. The benefits of further un- 
derstanding and control of these stresses are certainly worthy 
of the efforts which will be necessary to achieve them. 


Reference 


1, “Fatigue Durability of Carburized Steel," General 
Motors Corp., Pub. by ASM, 1957. 


The Film Vaporization Combustor 


COMBUSTORS for gas turbine engines, especially for air- 
craft application, have been developed to a high degree of 
thermal efficiency and to ahigh rate of heat release per unit 
combustion-chamber volume and per unit pressure. How- 
ever, the occurrence of carbon deposits and smoke still pre- 
sents a formidable problem. Carbon deposits and smoke have 
no immediate effect on the thermal efficiency of a com- 
bustor; they are undesirable fcr the reason of operational 
reliability. 

The formation of smoke and soot is a consequence of the 
mixture formation and the reaction kinetic processes during 
the combustion. These problems are similar in gas turbines 
and in diesel engines. 


Mixture Formation and Combustion 


In reciprocating as well as in continuous-flow internal 
combustion engines operating on liquid hydrocarbon fuels, 
two methods are being applied to prepare the liquid fuel 
with the air-oxygen to form a combustible mixture: the 
carburetion or prevaporization method, and the atomization 
method. Each of these methods results in a different com- 
bustion mechanism. The prevaporized or carbureted mix- 
ture, in which the fuel vapor and the air-oxygen are in in- 
timate contact prior to the oxidation, renders a premixed 
flame comparable to that of a Bunsen burner (spark ignition 
engines, vaporizer-combustors). The mixture consisting of 
air and atomized fuel droplets results in a typical diffusion 
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flame (conventional diesel engines, atomizer combustors). 

The two combustion mechanisms differ considerably from 
each other in several respects; however, most important for 
the present study is the fact that the premixed flame is es- 
sentially free from the formation of solid carbon particles 
as intermediate combustion products, whereas the diffusion 
flame produces a considerable amount of carbon in the in- 
In spite of the 
considerable carbon formation during the intermediate com- 
bustion stages, a diffusion flame does not necessarily smoke 
or form carbon deposits. If the combustion zone of the dif- 
fusion flame is sufficiently large and hot, and if sufficient 
oxygen is available, the solid carbon of the intermediate 


termediate stages of its combustion process. 


stages can be burned completely, resulting in an entirely 
smokeless and deposit-free flame. However, if the com- 
bustion region in a diffusion flame becomes quenched, or 
if insufficient oxygen is available to oxidize the solid car- 
bon particles, severe smoke and carbon deposits are very 
likely, depending on the fuel. 


The ideal mixture formation is the intimate molecular 
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mixing of hydrocarbon molecules with the oxygen molecules 
of the combustion air. This can obviously be done only in 
the vapor phase. Just to illustrate how poorly we approach 
the ideal even with the finest fuel atomization: A droplet 
of 50 micron diameter still contains about 2 x 1014 mole- 
cules of fuel of a molecular weight 196 (for example, C192 
Ho9¢). For a 100-hp gas turbine with a fuel input of 14. 6 x 
10-3 1b/sec and a dwell time of a droplet of 3 x 107 sec 
we would have 3 x 10° droplets simultaneously in the com- 
bustor. Each droplet, however, still contains 2 x 1014 mol- 
ecules, that is, the ideal “atomization” should have been 
109 times better than it was. 

The further preparation of the mixture must now be done 
by molecular diffusion around every vaporizing droplet. This 
takes place under simultaneous combustion in the droplet 
envelope, subjecting part of the forming vapors to excessive 
temperatures. The consequences are cracking and slowed- 
down reaction rates, leading to the yellow luminescence 
and finally soot formation of diffusion flames, if the time 
necessary for the slow reaction cannot be made available. 
Precisely, this action takes place in a diesel engine when 
the combustion extends into the expansion stroke, and in 
the gas turbine combustor when the slow burning droplet en- 
ters the mixing zone with the secondary air, quenching the 
reaction. The same phenomenon produces the lamp black 
in the classical example of a diffusion flame, the wick 
lamp, when the flame is quenched by a cool surface. 

Prevaporization and mixing of fuel vapors and air as in 
the Bunsen burner then seems to be the answer. Such a pre- 
mixed flame will burn with a pale blue flame because of 
the absence of cracking and of incandescent carbon parti- 
cles. However, prevaporization alone does not avoid crack- 
ing, yellow flame, and soot formation. If the fuel vapors 
are subjected to high temperatures in the absence of suffi- 
cient oxygen, the same cracking process takes place as in 
the vapor cloud around a burning droplet, resulting in yel- 
low flames and, eventually, soot. Another element has to 
be added to the mixture formation process: Fuel vapors and 
air must be mixed and kept below the cracking temperature 
before the mixture enters the combustion zone. 


Concept of Film Vaporization 


The reasoning in the preceding chapter has led Meurer(1)* 
to his invention of the M-system for diesel engines (Fig. 1). 
In contrast to conventional diesel combustion of atomized 
fuel, Meurer does not atomize the fuel but spreads it as film 
on the relatively cool wall of the combustion chamber. A 
vigorous air swirl with a peripheral velocity in the direction 
of the fuel jet helps to centrifuge the fuel against the wall 
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and to spread it as film. However, the fuel issuing from a 
high pressure injector does not reach the wall in an entirely 
solid jet. A small part is unavoidably atomized. The larger 
droplets are centrifuged against the wall in a short trajec- 
tory while the smaller droplets travel a longer distance with 
the air. During that time they evaporate partly and, after 
the ignition delay period, ignite. Since most of the fuel is 
on the wall, the resulting initial pressure rise is small. The 
burning droplets are carried around by the air, igniting the 
vapor-air mixture forming off the wall before the self-igni- 
tion temperature is reached and before the fuel can crack. 
The total reaction is now accelerating without getting out 
of control, with more and more heat available for evapora - 
tion. In the strong centrifugal field of the swirl, the lighter 
combustion products move inwards while the fresh air moves 
outwards to sustain combustion in the vapors forming off the 
wall. Recent investigations using high-speed pictures show 
very clearly the strong inward radial velocity component 
produced by combustion in a swirl (2, 3, 4). 

The consequent application of the film vaporization prin- 
ciple has been very successful in diesel engines. The same 
principle should be applicable also to gas turbine combus- 
tors. The present study is an attempt to do this. 


In transposing the M-system for diesel engines into a gas 
turbine combustor we retained the following elements (Fig. 2): 

1. The fuel is spread as a film on the wall of a “vapor- 
izer tube. " 

2. Primary air is flowing through this tube with a vigor- 
ous air swirl. 


Fig. 1—M system 
for diesel engines 
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Fig. 2—Schematic diagram of film vaporization combustor 


FILM VAPORIZATION COMBUSTOR 


3. The walls of the tube are kept relatively cool and the 
heat of evaporation is taken largely from the combustion it- 
self by means of recirculating combustion products in the 
core of the air swirl. 

Fig. 2 shows schematically such an arrangement. A por- 
tion of the air from the compressor flows as a secondary 
stream around the vaporizer tube and mixes later in the 
flame tube with the combustion products. Another part, the 
primary air, flows through swirl producing vanes and the 
vaporizer tube into the flame tube. The fuel is introduced 
under low pressure through a multitude of radial holes into 
the vaporizer tube and is spread onto the inner surface of 
that tube by means of the air swirl. The wall separating the 
primary-air duct from the secondary-air duct is cooled by 
secondary air on the outside and shielded against conductive 
heat transfer from the adjoining reaction zone. 

At the end of the vaporizer tube the air swirl expands in- 
to the reaction zone where the flame stabilizes, and further 
into the flame tube. The vortex-type flow of the primary 
air produces a low pressure region in the core of the vortex, 
leading to a strong recirculating flow of hot combustion pro- 
ducts back into the vaporizer tube. While being recircu- 
lated the hot combustion products mix with the primary air 
and increase its temperature. The heat necessary for the 
vaporization of the liquid fuel is transferred from the pri- 
mary-air swirl to the liquid film by turbulent convection. 
Immediately upon its formation, the fuel vapor diffuses into 
the primary-air swirl by convective mixing, thus ensuring 
that the fuel vapor-air mixture leaving the vaporization zone 
and entering the reaction section is a thoroughly premixed 
combustible mixture. 

The inherent advantage of prevaporizing the fuel from 
a film rather than from droplets lies in the fact that a com- 
paratively large relative velocity between the fuel and the 
primary air can be maintained when the fuel is spread as 
film. If the fuel is atomized, an initial relative velocity 
between the fuel droplets and the air will very quickly di- 
minish to a negligible value because of the large drag of the 
droplets, and the droplets will float in the air with a velo- 
city approximately equal to the air velocity, that is, with- 
out relative velocity. A large relative velocity between the 
fuel and the air increases the heat-transfer and mass-trans- 
fer coefficients at the liquid-gaseous interface, and increases 
the rate of mixing of the fuel vapors and the air, thereby 
reducing the length required for the vaporization section and 
for the entire combustor. 

A further and most important advantage of film vapori- 
zation is the fact that the fuel and fuel vapors can be kept 
below the cracking temperature during the mixing process. 


Specific Problems of Film Vaporization 


In designing a research prototype combustor working on 
the above described principles, several problem areas had 
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to be investigated: 

1. The attachment of liquid films onto the inside wall 
surfaces of circular ducts in the presence of high-velocity 
gas streams flowing through the ducts. 

2. The spread of such films. 

3. The stability behavior of such films. 

4, The problem of simultaneous heat transfer and mass 
transfer between a high-temperature, high-velocity gas 
stream and the liquid film. 

5. The recirculation flow of hot combustion products 
from the reaction zone upstream into the vaporization sec- 
tion, and the ensuing problem of flame stability. 

Each of these problems has been extensively treated in 
a previous report (6). In the present report only the main 
results are presented. 

Film Attachment - Initial investigations of the possibil- 
ities of attaching liquid films onto the inside wall surfaces 
of a duct in the presence of high-velocity gas streams flow- 
ing through the duct, were conducted ina model. This 
model permitted the insertion of various injection devices 
such as slots, screens, and single-hole nozzles inclined at 
different angles toward the duct wall surface. The duct 
cross-section in the test section of the model was a flat 
square. The airflow in the test section was fully developed 
turbulent. 

These initial experiments proved that the simplest and 
most effective method of attaching liquid films is by intro- 
ducing the liquid through holes drilled through the duct wall 
perpendicularly to the surface. The film then becomes at- 
tached by the action of the high-velocity gas stream. For 
the present study, therefore, the utilization of more com- 
plex fuel injection devices for the film vaporization com- 
bustor, such as porous walls, circumferential slots, or in- 
clined holes shielded by splash rings or unshielded, was not 
considered further. 

Fig. 3 shows in three successive pictures, from left to 
right, the attachment process of a liquid jet entering perpen- 
dicularly into a gas stream of linear velocity profile when, 
at otherwise constant conditions, the liquid flow rate through 
the injection hole is reduced. 

The liquid jet enters the gas stream perpendicularly, be- 
comes deflected in the direction of the gas stream by the 
action of the radially increasing gas velocity, and reaches 
asymptotically the maximum penetration distance y,,,,,. 
For a reduced liquid flow rate, at otherwise constant con- 
ditions, the maximum penetration distance decreases and 
the base of the jet in the immediate vicinity of the wall in- 
creases in diameter. With a further minute reduction of the 
liquid flow rate, the action of the gas flow causes the thick- 
ened base of the jet to be swept downstream, thus attaching 
the jet to the wall surface. 

A criterion to express the conditions at which film at- 
tachment can be obtained was found (2) to consist of a re- 
lationship between the maximum penetration distance of the 
liquid jet (that is, the potential maximum penetration dis- 
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tance) and the gas stream Reynolds number based on the jet 
diameter (that is, the injection hole diameter) and the gas 
flow velocity at the wall. The criterion was found to be in- 
dependent of surface tension forces or interfacial tension 
forces between liquid, gas and wall surface, independent 
of gravitational forces, and independent of the duct 
geometry. 

The experimentally established criterion for film attach- 
ment is expressed in Fig. 4. The ordinate is chosen to be 
the dimensionless critical maximum penetration distance 
for film attachment, and the abscissa is the Reynolds num- 
ber of the gas stream (based on the injection hole diameter 
and gas velocity at the wall). The critical penetration dis- 
tance is the maximum distance at which incipient film at- 
tachment can still be obtained. 

The curve in Fig. 4 drawn through the average of several 
plotted test data reveals clearly the trend of the film attach- 
ment mechanism. The test data were obtained for several 
different injection hole diameters, various liquids, various 
liquid supply rates, and various gas stream velocities and 
geometries. The critical maximum penetration distance 
for a liquid jet to become attached to the wall surface ap- 
proaches a minimum value of yerjt/d = 0.50 for increasing 
gas Reynolds numbers. For this value the jet must neces- 
sarily touch the wall surface right at the orifice; that is, the 
jet remains attached. If the maximum penetration distance 
of the jet exceeds one-half of the injection hole diameter, 
the conditions at which, for smaller gas Reynolds numbers, 
film attachment can still be expected can be obtained from 
Fig. 4. 

If a liquid film is to be attached from radial injection 
holes to the wall surface of a circulai duct, and if the flow 
pattern of the high-velocity air is a swirl, a liquid film can 
still be produced although the liquid jet may be detached. 
In this case, the film spreading mechanism is based on the 
centrifugal force acting upon the liquid which is forced to 
flow in a curved path. Ina straight air flow, the liquid jet 
propagates in a plane that contains the center axis of the 
duct; in a swirling air flow, the liquid jet becomes deflect- 
ed from that plane and is centrifuged back to the wall sur- 
face of the duct. 

Film Spread - A coherent and homogeneous spread of the 
liquid film is important for making economical use of the 
available vaporization surface. 

Our experiments revealed that the spreading of a liquid 
film from holes positioned perpendicularly to the surface on- 
to which the film is to be spread depends on two factors: the 
surface tension coefficient of the liquid, and the method of 
film attachment. 

The effect of the surface tension forces is such that if the 
difference of the surface tensions of the solid and the liquid 
is equal to or larger than the interfacial tension between the 
solid and the liquid, the contact angle vanishes and the 
liquid spreads nearly infinitely as a film. Jet fuel and 
most other petroleum oils satisfy this condition for film 
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spread for most clean metallic surfaces. However, the 


surface tension coefficient of water, for instance, com- 
bined with the interfacial tension between the solid and the 
water, is so much larger that the contact angle normally 
assumes a finite value and no film is spread, unless me- 
chanical means are applied. 

The other factor influencing film spread is the method 
of attachment, that is, whether the film is attached by a 
straight gas (air) flow or a swirling gas flow. Our experi- 
ments proved that attachment by means of a swirling airflow 
has a generally superior effect on the film spread of the liq- 
uid of high surface tension. However, the liquid injection 
holes can be designed so that within a certain range airflow 
as by a swirling airflow. In order to make use of this effect 
for liquids of high surface tension coefficient, the injection 
holes have to be placed so closely that the liquid streaks 
spreading from the injection holes, contact each other, 
thus forming a continuously spread film surface. 

Film Stability - When liquid films are exposed to high- 
velocity gas flows, surface disturbances of a wavelength of 
approximately 10 times the film thickness were observed for 
all liquid flow rates by several investigators (7, 8). The 
scale of these disturbances was found to decrease with in- 
creasing gas Reynolds number. Relatively smooth and stable 
film surfaces are obtained only when the film thickness, and 
consequently the liquid flow rate, does not exceed a certain 
critical value. If the thickness is greater than this critical 
value, severe disturbances develop over the entire film sur- 
face, with the effect that some of the liquid becomes di- 
rectly entrained by the gas flow in form of droplets. The in- 
cipient point for film disturbance is independent of the gas 
flow Reynolds number or the mass rate of flow of the gas. 

For liquid films in the presence of straight, concurrent 
gas flows, at least two stability criteria exist (7, 8). An en- 
tirely different behavior of the stability of liquid films, how- 
ever, was observed in our experiments when the films were 
applied with the aid of swirling high-velocity gas flows. 

At swirling airflows and liquid flow rates corresponding 
to thin films, the film surfaces did not behave differently 
from corresponding experiments with straight airflows. For 
increased liquid flow rates, however, although the film sur- 
face was covered with seyere disturbances, the liquid drop- 
lets that eyentually separated from the film surface were 
immediately centrifuged back to the film surface. This 
centrifuging effect on the droplets is due to the motion with 
a peripheral component which the swirling airflow imparts 
to the droplets as they separate from the film surface. 

The presence of swirling gas flows produces films that are 
stable over the entire range of film thicknesses, irrespective 
of the intensity of disturbances on the film surface. If, how- 
ever, the films are applied by means of straight air flows, 
a film stability criterion (as given in Ref. 7 or 8) must be 
observed in order to avoid instabilities. 

Film Vaporization - The heat for evaporation of the liq- 
uid fuel film is taken from the vaporizer tube wall as well 
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Fig. 3—Attachment process of liquid film in 3 successive steps 
for decreasing liquid flow rate at otherwise constant conditions 
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Fig. 4—Dimensionless plot of film attachment criterion 


as from the air mixed with recirculated combustion products, 


The influence of the wall temperature on the evaporation 
rate of a fuel film has not been adequately studied. Tamura 
and Tanasawa (9) have investigated the evaporation of a 
droplet on a heated quartz plate. Fig. 6 shows their result 
with kerosene. Plotted are the time for complete evapora- 
tion against the wall temperature. As expected. the time 
decreases at first with increasing temperature until it reaches 
a minimum. If the wall temperature is further increased, 
the time needed for complete evaporation rises again to a 
duration much greater than that which was needed at the 
lower temperature. The reason is, of course, the well known 
Leidenfrost phenomenon, insolating the liquid drop from the 
hot surface by a vapor cloud. It is most likely that for film 
vaporization in a strong swirling flow similar curves would 
be obtained but that the critical temperatures for highest 
vaporization rates would be considerably higher. The in- 
sulating effect of the Leidenfrost phenomenon would partly 
be balanced by a strong centrifugal field. 

We learn from these tests that it would be advantageous 
to keep the wall temperatures slightly above the vaporiza- 
tion temperature of the main fuel fraction. Higher temper- 
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atures not only slow down the rate of evaporation but may 
lead to partial cracking of overheated fuel vapors and, con- 
sequently, slowed reaction rates for the later combustion. 

In addition to the heat input from the wall, the heat- and 
mass-transfer between the fuel film and the air govern the 
evaporation rates. Several theoretical and semi-empirical 
methods exist for calculating vaporization rates from liquid 
films spread on the inside wall surfaces of ducts when the 
high-temperature and high-velocity air flows inside the 
ducts are fully developed turbulent and straight flows (6). 
As yet, no effective theory has been developed that would 
permit the prediction ot film vaporization rates for the case 
of gas flows different from fully developed straight turbulent 
flows, such as swirling gas flows. Since the swirling gas flow 
is of special interest to the film vaporization combustion 
principle, a semi-empirical method was, therefore, devel- 
oped to account for the effects of the swirling gas flow on 
the film vaporization process (6). 

Kinney et al. (8) proved experimentally that the well- 
known dimensionless equation for heat transfer under con- 
ditions of forced convection: 


Nyu = a(NreG)™ (Nprc)" (1) 


is applicable also to superimposed heat and mass transfer be- 
tween a fully developed turbulent high-temperature airflow 
and a stationary, stable liquid film. The exponents were 
found to be m = 1; n = 0; and the proportionality factor was 
found to be constant over a large range of Revnolds numbers. 


NNu = 5 (NReG) 


foal 


Or: 


aD 
—  =bN 
Fe RSE (2) 


Equating the enthalpy increase Ah of the evaporated fuel 
from the state of injection through evaporation to the heat 
transfer: 


" mpAh = @ATrDL (3) 


and introducing & from the above general relation between 
the Nusselt and Reynolds number leads to: 


Sy see (4) 

A generalized plot of the vaporization rate per unit pe- 
riphery according to the above equation showed a straight- 
line relation for smaller flow rates. For larger liquid flow 
rates (thick liquid films) the plot departed from the straight 
line which was explained by Kinney et al. to be due to the 
increasing film instability for increased flow rates causing 
liquid entrainment by the airflow. 
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The semi-empirical method of Kinney et al. was found 
to be very suitable to an extension to swirling gas flows in- 
side circular ducts. For the extension the assumption was 
retained that heat transfer is the process controlling mass 
transfer from the liquid film. 
swirling gas motion, however, the Nusselt number and the 
Reynolds number of Eq. 4 have to be modified. 

The characteristic velocity entering the Reynolds number 
is generally represented by the average bulk velocity or the 
undisturbed velocity. For swirling gas flows inside a circular 
duct, however, the definition of an average axia! velocity 
has little meaning except for determination of the axial 
through-flow. Therefore, the absolute gas velocity near the 
wall surface VGo was chosen to represent the characteristic 
velocity for the evaporation rate in swirling gas flows inside 
circular ducts. 

Eq. 4 can now be written: 


; Kelle 21 vical 
eee Gite s)VGo (5) 
y=c°' xX 


The constant in the equation was determined by introduc - 
ing the velocity near the wall instead of the bulk velocity. 
The ratio of these velocities was found experimentally by 
mapping the velocity profiles for the 1.75 in. diameter va- 
porization tube and for Revnolds numbers between 4 x 104 
and 16 x 104. Fig. 6 shows a plot of Eq. 5 in curve A. For 
higher vaporization rates (liquid flow rates) the curve B rath- 
er than the straight-line extension would hold for straight 
flow, indicating the influence of the film instability and en- 
trainment of liquid. Since the film for swirling gas flows 
is stable up to much higher gas and liquid flow rates, the 
dashed extension of the straight-line relation (curve A) may 
be considered as a conservative estimate for the vaporiza- 
tion rate under swirling flow. Actually, film disturbances, 
entrainment, and centrifuging back to the wall of entrained 
particles, will increase the vaporization rates beyond that 
indicated by curve A. 

Recirculation of Combustion Products - There are two 
principal types of recirculation which are used in combus- 
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Fig. S—Evaporation time of a lens-shaped drop of kerosene on 
a heated surface (test by Tamura and Tanasawa) 
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tion chambers to transport combustion products behind the 
flame front: the macroscopic or large scale recirculation 
and the microscopic or small scale recirculation. The ob- 
jective of recirculating a part of the combustion products is 
to render stable flames which, in a given space, burn all of 
the fuel admitted to the combustion chamber. 

Large scale recirculation is a reverse flow induced by 
pressure differences as a secondary flow. Unlike microscopic 
recirculation, which is essentially a local region of turbu- 
lence induced by flow separation, large scale recirculation 
is a reverse flow that can be utilized to transport hot com- 
bustion products over a relatively large distance behind the 
flame front, into the region of the primary airflow. 

Various experimental arrangements of the vaporization 
and reaction sections of the film vaporization combustor 
were investigated in isothermal flow tests and in actual com- 
bustion tests (6) for their ability to produce a sufficient a- 
mount of large and small scale recirculation at minimum 
pressure losses. In order to determine quantitatively the 
rates of the recirculation flows, a special probe was devised 
to measure velocity patterns in swirling flows inside circular 
ducts, Examples are to be discussed later. 


Prototype Combustor 


Design of Prototype - Details of the principle, and the 
final design of the research prototype combustor incorporat- 
ing the film vaporization principle are the direct result of 
theoretical and experimental investigations on the mixture 
formation mechanism, and of qualitative combustion ex- 
periments with different intermediate design arrangements 
of the combustor (6). 

Fig. 7 shows a longitudinal section through the combus- 
tor. This prototype was built as a versatile experimental 
tool to allow for exchangeability of individual components. 
For this reason heavy wall thicknesses, thick flanges, and 
other relatively heavy elements were used at locations 
where, in a production prototype, thin walls and welded 
connections would be more appropriate. 
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Fig. 7—Longitudinal section through film vaporization research prototype combustor 


The air enters the combustor from the left through the 
air intake duct assembly (1) and is divided, as in conven- 
tional combustors, into a primary (combustion) and a sec- 
ondary (dilution) airflow. 

The air duct separation tube (6) separates the primary 
and the secondary airflows, contains the low-pressure fuel 
injection arrangement, and the vaporization tube, and sup- 
ports the cool end of the combustion section. 

The primary air enters the primary-air duct (15) as a tur- 
bulent, axially directed flow. In the stationary swirl-gen- 
erating nozzle (11), the primary air is set mto turbulent 
swirling motion. 

The fuel is introduced under low pressure through 32 ra- 
dial holes of 1/64 in. diameter, equally spaced about the 
central inside perimeter of the fuel injection ring (16). The 
fuel film is attached to the wall surface by the action of the 
high-velocity primary airflow. 

Because of secondary flow effects in the swirling primary 
air, augmented by the sudden area increase at the down- 
stream end of the vaporization tube, hot combustion prod- 
ucts from the flame zone in the reaction chamber recircu- 
late effectively through the core of the primary-air swirl. 
These recirculated combustion products mix with the prima- 
ry air, increasing its temperature by turbulent convection. 

The fuel film which is continuously spread over the in- 
side surface of the vaporization tube, is evaporated by heat 
transfer from the wall and mainly by convective heat trans- 
fer from the primary air. Immediately upon formation, the 
fuel vapor is picked up by the primary air, and intimately 
mixed with the combustion air by the action of turbulent 
convection. At the downstream end of the vaporization tube, 


the swirling flow, then consisting of a thoroughly premixed 
combustible air-fuel vapor mixture, expands into the actual 
reaction chamber (18), where it forms a torus shaped swirl, 
superimposed to the main swirl. 

When the swirling flow of the combustible mixture passes 
the circular turbulence-generating shoulder, the flow sep- 
arates at its outer boundary and becomes enveloped by a tur- 
bulence sheet. In the reaction chamber, the swirl, envel- 
oped by a sheet of microscopic recirculation, and the large 
scale recirculation induced by secondary flow represent an 
effective means to stabilize the flame in the reaction cham- 
ber without causing an excessive pressure drop across the 
combustion chamber. 

For visual observation of the flame front in the reaction 
chamber and the flame tube, a heat-resistant Vycor glass 
tube (25) of 3-1/2 in. OD and 3/32 in. wall thickness is ar- 
ranged between the secondary-air duct shrouding and the 
flame tube housing. 

The research prototype combustor is started by introduc - 
ing propane gas into the primary-air passage. For the re- 
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Fig. 8—Installation of combustion chamber for combustion tests 
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Fig. 9—Velocity distributions in combustor for isothermal flow 
conditions at 3 different lever settings (70 deg swirl nozzle) 


search prototype this external starting arrangement was pre- 
ferred, since an integral starting arrangement would have 
complicated the design of the prototype unnecessarily with - 
out offering the advantage of yieiding additional informa- 
tion. An integral starting arrangement, consisting, for in- 
stance, of a torch igniter can easily be mounted into the 
hub of the stationary swirl-generating nozzle, with the dis- 
charge nozzle of the torch igniter pointing in downstream 
direction at the position of the short tail cone, as indicated 
in Fig. 2. 

The temperature of the combustion products which re- 
circulate through the core of the primary air swirl in the va- 
porization section ranges between 2000-3000 F. In order 
to prevent re-entrainment of droplets and the exposure of 
concentrated fuel vapors around the droplets to this high- 
temperature reverse flow, the liquid fuel jets leaving the 
injection holes of the fuel induction ring should be attached 
to the vaporization surface at all times and for all operating 
conditions. This requirement is satisfied with the film at- 
tachment criterion (Fig. 4) observed for maximum fuel flow 
and richest overall air-fuel ratio. 

The choice of the overall dimensions of the research pro- 
totype was subject to the following two requirements: (1) to 
keep the velocity of the air approaching the combustor with- 
in the limits of that for conventional (full scale) combustors, 
and (2) to ensure a versatile design with readily exchange- 
able parts without increasing the diameter of the combustor 
much beyond the diameter of its entrance section. The 
length of the combustor, that is, the length of the vapori- 
zation section, was calculated for given primary air and 
recirculation conditions from Eq. 5. 

A photograph of the combustor assembly is shown in 
Fig. 8. 

Flow Patterns Inside Combustor - Local velocity measure- 
ments inside the research prototype combustor were made 
for isothermal and adiabatic flows at atmospheric conditions. 
The procedure by which the velocities were mapped is de- 
scribed in detail by Maybach (6). 

Fig. 9 shows a typical series of velocity distributions 
measured in the vaporization and the secondary-air sections 
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Fig. 10—Velocity distributions in combustor for isothermal flow 
conditions at lever setting 1 for 40, 60, and 70 deg swirl 
generating nozzles 


of the combustor, approximately 0.5 in. upstream of the 
turbulence-generating shoulder. The combustor arrange - 
ment (VI*-i) is the same as shown in Fig. 7. The primary~ 
air swirl was produced by a 70-deg swirl generating nozzle 
and the measurements were taken for three different lever 
settings of the restriction ring, at otherwise unchanged con- 
ditions, At lever position 0, the ring restricts the entrance 
to thesecondary-air duct the most; at position 10, the least, 

Whereas with increasing lever position (that is, decreas- 
ing restriction of the secondary air duct entrance section) the 
weight ratio of secondary air to primary air increases, the 
weight percentage of reverse flow decreases. The stronger 
peripheral velocity gradients in the vaporization section in- 
duce evidently a stronger secondary flow, thus enhancing a 
macroscopic recirculation flow through the core of the pri- 
mary-air swirl. This effect becomes weaker and less con- 
sistent with decreasing strength of the primary-air swirl. 

Fig. 10 shows velocity profiles for different swirl nozzles 
in the same combustor arrangement, at constant lever set- 
ting (position 1), and at the same constant total airflow rate. 
With a 40-deg swirl nozzle, the ratio of secondary air to 
primary air was unrealistically low( = 0.892). For the 
60-deg nozzle, this ratio was still low ( = 1.18); whereas 
for the 70-deg nozzlethe ratio amounted to = 3.15. The 
rate of large scale recirculation, which was 22.8% of the 
primary airflow for the 70-deg swirl nozzle, reduced to 3.5% 
for the 60-deg nozzle, and to 1.2% for the 40-deg swirl 
nozzle. 

It can be seen in Fig. 10 that the peripheral velocity of 
the 40-deg swirl close to the wall approaches very nearly 
the condition of constant angular momentum. At the same 
time, the axial velocity distribution remains nearly con- 
stant, and also the flow angle distribution, both being the 
characteristics of a free vortex flow pattern, causing very 
little secondary flow. More toward the core of the flow, the 
free vortex of the 40-deg swirl becomes disturbed and the 
flow pattern approaches that of asolid -body rotation accom- 


panied by some macroscopic flow recirculation in axial 
direction. 
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In the case of the 60-deg swirl, the transition from the 
free vortex to the solid body rotation begins somewhat closer 
to the wall surface, and the free vortex is less pronounced. 
For the 70-degswirl nozzle, the free vortex cannot form at 
all and a flow pattern similar to the solid-body rotation be- 
gins already in the boundary layer, and the axial velocity 
component decreases immediately fromthe wall toward the 
center, indicating astrong reverse flow as a consequence of 
the increased secondary flow effect. From these measure - 
ments, it is concluded that in order to obtain the desired 
rate of macroscopic recirculation through the core of the 
primary -airswirl, theswirl must be generated such that the 
formation of a free vortex is prevented. 

There is a decisive difference in the recirculation behav- 
ior of straight and swirling flows. Fig. 11 shows schemati- 
cally the contour of the vaporization section and the reaction 
section of the combustor. A straight flow separates as it 
passes theturbulence-generating shoulder, the separated 
eddies collect in the widened section of the reaction cham - 
ber intothe flametube without being much affected by the 
"dead-water" eddies. 

A swirling flow in the same arrangement evidently ex- 
pands into the widened section ofthe reaction chamber, en- 
veloped by a separated sheet of turbulence. Because of the 
superimposed secondary flow effects a portion of the turbu - 
lence sheet and of the swirling flow becomes recirculated 
from the reaction chamber through the core of the swirling 
flow. 

Both the straight and the swirling flow in the arrangement 
shown induce microscopic and large scale recirculation. 
However, only thesuperimposed recirculation caused by the 
swirling flow can be successfully employed tosimultaneously 
stabilize the flame in the reaction chamber and to preheat 
the primary air in the evaporization section. 

It is recognized that the recirculation rates measured in 
the research prototype combustor for isothermal and adiabat- 
ic flow conditions will be appreciably affected by the pres- 
ence of a flame front in actual operating conditions. The 
recirculation rates, therefore, must be evaluated as relative 
rather than as absolute rates. 


Test Results 


Several designs, differing in details from that shown in 
Fig. 7, have been tested. Most of the test work, however, 
has been carried out on a combustor arrangement very sim- 
ilar to that in Fig. 7. The emphasis in all tests was on in- 
vestigating the principle of film vaporization rather than on 
developing detail features. 

The fuel used for most tests was a JP-4 jet engine fuel 
of the specification Mil-5-5624 D. Limited testing has been 
done with a commercial diesel fuel No. 1, a 100% catalyt- 
ically cracked diesel fuel No. 2, and a commercial burner 
fuel oil No. 2. 
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Fig. 11—Separa- 
tion and 
recirculation flow 
patterns in (A) 
straight flow, and 
(B) swirling flow 
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Fig. 12—Performance characteristics of research prototype 
combustor for 2 different lever settings (70 deg swirl nozzle) 


The aim was to achieve smokeless blue flame combus- 
tion. We were able to obtain blue flame combustion over 
a wide range of air-fuel ratios, combustor pressures and 
fuels. There is no doubt that with further development al- 
most all of the present limits can be extended. 

Fig. 12 shows as an example typical characteristics for 
two different lever settings of the restriction ring (3) of Fig. 
7. The test cunditions simulate subsonic flight of 35, 000-ft 
altitude with a compressor ratio of 6.5/1. 

Combustion Efficiency - The combustion efficiencies 
measured were satisfactorily close to 100%. The scatter of 
the combustion efficiency data can be explained as caused 
by inaccuracies in the airflow and fuel flow measurements; 
it was exceedingly difficult to keep airflow and fuel flow 
accurately constant during the tests. The characteristic of 
the combustion efficiency data is typical for good prevapor- 
ization combustors. Contrary to prevaporization combus- 
tors, in atomization combustors the efficiency drops off at 
higher and at lower air-fuel ratios, owing to unsatisfactory 
spray distribution in off-design conditions. 

Pressure Drop - The pressure drop Ap, conventionally ex- 
pressed as the ratio of the total pressure drop across the com- 
bustor divided by the total pressure in the combustor en- 
trance section, proved to be approximately of the same 
order of magnitude as that of conventional aircraft gas tur- 
bine combustors. Fig. 12, for instance, shows the pressure 
drop data for two different positions of the restriction ring. 
In the lean range of operation, the ratio of secondary air 
to primary air can be increased and the secondary-air duct 
is consequently less restricted, causing a lower pressure drop. 
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Flame Stability - Fig. 13 is a typical plot of the flame 
stability data for the film vaporization research prototype 
combustor. The combustor arrangement was the same as 
that shown in Fig. 7 with the 70 deg swirl-generating noz- 
zle, for which the operational characteristics are plotted 
in Fig, 12, 

The rich limit was determined by the appearance of 
incipient luminescent streaks in the otherwise pale blue 
flame. The lean limit was determined by the observation 
of incipient instabilities leading to blowout of the flame. 
The 100% airflow rate was 0.410 lb/sec determined by*the 
capacity limit of the shop air supply system. 

Flame stability tests were performed also for the same 
combustor arrangement and the 60 deg and 40 deg swirl- 
generating nozzle. The results of these tests, however, 
proved to be inferior because of the reduced macroscopic 
recirculation rates in the less strong primary-air swirls. 
Tests with a combustor arrangement without air admission 
(holes 22 in Fig. 7) to the reaction chamber, with length- 
ened vaporization tube, and with the 70 deg swirl nozzle, 
extended the lean limit, especially in the lower air flow 
rate range, to air-fuel ratios close to 300. 

Specific Heat Release - The heat output of the prototype 
combustor at a total air-fuel ratio of 50 and at conditions 
equal to those reported in Fig. 12, is 10x 166 Btu/ft? hr, 
atm, if the volumes of the entire vaporization zone, the en- 
tire reaction chamber, and the entire flame tube are con- 
sidered. Actually, however, because only a small part of 
the flame tube contributes to the actual space in which the 
reaction proceeds, a value of 15 x 106 Btu/ft3 hr atm isa 
more realistic figure in characterizing the combustor. This 
latter value still does not mark the maximum specific heat 
release rate forthe prototype, since the airflow was limited 
by the capacity of the shop air supply system rather than by 
the stability limits of the combustor. 

Influence of Fuel on Blue-Flame Combustion - In addi- 
tion to tests with JP-4 fuel, a few check tests have been 
made with other fuels. A regular JP-5 fuel and JP-5 fuel 
with 65.7% aromatics have been tested. The blue flame 
limits were about the same as for the JP-4 fuel. 
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Fig. 13—Flame stability data for research prototype combustor 
(70 deg swirl nozzle) 
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A 100% catalytically cracked diesel fuel was tested hav- 
ing the specifications shown in Table 1. 

Without any modifications to the combustor, blue flame 
combustion could be maintained for air-fuel ratios between 
42 and 67 for combustor inlet pressures of 30 psia and for air- 


‘ fuel ratios between 50 and 75 for pressures of 40 psia. The 


airflow at these tests was 0.240 Ib/sec and the inlet temper- 
ature 345 F. The lower air-fuel ratio limits indicate the 
point of incipient luminescence or of exhaust temperatures 
becoming too high for our laboratory equipment. 

With a view of exploring the possibilities of the film va- 
porization combustor as a burner with low back pressure. 
some check tests were run with the lowest pressure obtain- 
able on our test bench. For a flow of 0.158 lb/sec the low- 
est combustor pressure was 16.2 psia with an entrance tem- 
perature of 70-80 F, Blue flame combustion with JP-4 could 
be obtained for air-fuel ratios of 43-77. If either the pri- 
mary air or the vaporizer tube would be preheated, the lean 
limit could be extended considerably. 

Household heating fuel No. 2 and a commercial diesel 
fuel No. 1 could not be operated with blue flames for cold 
air conditions. However, heating up the air to an entrance 
temperature of 325 F restored blue-flame conditions for air- 
fuel ratios between 42 and 100. 

If a film-vaporization burner were to be designed for low- 
er volatility fuels and cold air, the vaporizer tube should be 
kept close to the temperature for minimum vaporization 
time as indicated in Fig. 5. Preheating the primary air and 
effective recirculation of combustion products with the va- 
porizer section would further extend the limits of operation. 

Carbon Deposits and Smoke - As long as the combustor 
was operated under blue flame conditions, no smoke or de- 
posits were found after as long as 20 hr operation. 

Extended tests were run with the 100% catalytically 
cracked fuel at high combustor pressure (58 psia) and at rich 
air-fuel ratios (exhaust temperatures around 1500 F). The 
flame color was bright yellow under these conditions. The 
smoke was still very light. Measured with a Von-Brand smoke 


Table 1 - Specifications of 100% Catalytically 
Cracked Diesel Fuel Test 


Specific gravity at 60 F 0.876 
Viscosity, kinematic, cs at 100 F | 2.81 
Aromatics, % vol 2625 
Naphthalenes, % weight 22.3 
Olefins, % (calculated) BS 
Heat of Combustion, gross Btu/1b 19, 150 
Distillation, deg F 

Ibp 396 
50% 78} 
90% 592 
End Point 649 
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meter with the lowest tape speed (2 in. /min) and the high- 
est pressure across the filter (5 in. Hg), the smoke reading 
was less than No. 1 on the Bacharach smoke scale (that is, 
less than 10% light absorption if the light absorption of the 
clean filter paper is called 0%, Examination of the combus- 
tor after 8 hr running showed only slight deposits of the na- 
ture of a soft soot layer. 

Deposits at the end of the vaporization tube have been 
observed when the vaporization tube wall temperature was 
too high, as would be the case in the prototype design with- 
out insulation between the reaction zone structure and the 
vaporizer tube. In such cases the flame would always have 
at least yellow streaks. 

An interesting observation should be noted here: If the 
recirculation of combustion products was increased beyond 
a critical limit, the flame would become strongly lumines- 
cent. The fuel vapors, subjected to the high temperature 
of the recirculating gases are obviously undergoing a crack- 
ing process which slows down the rate of the combustion 
reaction. 


Summary and Conclusions 


The present study has shown that the principles of the M- 
system for diesel engines are applicable to constant pressure 
burners. The fuel is applied as a film by a very simple fuel 
induction system. The film is formed on a vaporizer sur- 
face at the inside of a tube through which the primary air- 
flows with a vigorous air swirl. 

The problems of film-formation, -spread, -stability and 
-vaporization have been studied and satisfactory solutions 
have been found, With the proper vaporizer wall tempera - 
ture, air temperature, and recirculation rate, blue flame 
combustion could be obtained over a wide range of air-fuel 
ratios and for various fuels including diesel fuels with high 
percentages of aromatics. 

As long as blue-flame combustion was maintained, ab- 
solutely no smoke or deposits were formed. Under condi- 
tions of yellow-flame combustion (high-aromatic fuel, rich 
mixture, high combustor pressure) the smoke was still very 
light and deposits were of the nature of a soft, easily re- 
moveable soot. 

The heat release rates of the prototype combustor were 
round to be comparable to those of modern gas turbine com- 
bustors. Because of the nature of premixed flame combus- 
tion, the flame tube can be extremely small, so that the 
space requirements including the vaporizer sections are still 
low. 

The pressure drop across the combustor is in line with 
that of atomizer type combustors. 

Many problems, as for example response rates, stability 
in transient conditions, and others still remain and can be 
solved only by further studies and development of a produc - 


tion prototype combustor. 
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Nomenclature 


a = Heat transfer coefficient, Btu/ft sec F 
a = Constant 
b = Constant 
c = Constant 
D = Duct dia., ft 
d = Liquid jet dia. , ft 
€ = Ratio of secondary to primary air 
Ah = Change in enthalpy from injection condition 
through vaporization, Btu/1b 
ka = Average heat conductivity of bulk of gas, Btu/ft 
sec F 
L = Length of liquid film, ft 
m = Constant exponent 


m, = Weight rate of film vaporization, lb/sec 
Ug = Average gas viscosity, lb sec/ft? 
n = Constant exponent 
Nyy = Nusselt number 


Npy = Prandtl number 


NreG = Reynolds number 


A p = Pressure drop across combustor, lb/ft? 
6c = Density of gas, lb/sec 2 /ft* 
Tg = Temperature of gas near wall, R 
T, = Temperature of film surface, R 
VGo = Gas velocity near wall, ft/sec 


Ycrit = Maximum penetration distance of jet for film at- 
tachment, ft 
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Discussion 


Conditions of Smokeless Combustion 


P. H. Schweitzer 

Schweitzer & Hussmann 

Engineering Office 

IT IS A widely held belief that the cause of smoke is short- 

age of oxygen during combustion. This writer himself ex- 

pounded this theory in his paper to the SAE, "Must Diesel 

Engines Smoke? " (SAE Quarterly Trans. July, 1947), when 

he wrote: Overrich or locally overrich mixture -- where 

fuel is burned in the presence of less than the stoichimetric 

amount of air--produces smoke irrespective of operating con- 
ditions. I regret now having said that. 

The statement is without theoretical foundation. Com- 
plete combustion is not a necessary condition for smokeless 
combustion. A hydrocarbon consisting of seven weights of 
carbon to each weight of hydrogen may burn smokelessly in- 
to H9O and CO with only 65%of the stoichiometric air need- 
ed for complete combustion. This means the air-fuel mix- 
ture could be 53% rich and still produce no smoke. 

It is also known to chemists that the combustion of meth- 
yl alcohol (CH3OH) and of formaldehyde (CHQO) is never 
accompanied by smoke no matter how rich the fuel-air mix- 
ture is. 

On the other hand, the presence of an adequate amount 
of oxygen, as exists in a homogenious lean mixture, does 
not assure smokeless combustion. The exhaust of a diesel 
engine with 50% or more excess air is often smoky. The 
exhaust of gas turbine with more than 200% excess air also 
is sometimes smoky. We can't blame a shortage of oxygen 
for this. 

The combustion theory, by which carbon is formed, is 
less new to chemists than to engineers. When hydrocarbon 
burns, two chemical processes are taking place side by side; 
oxidation on one hand and pyrolysis or thermal decomposi- 
tion, commonly called cracking, on the other hand. When 
exposed to high temperature and pressure the molecules 
break into atoms. 

If combustion were merely an oxidation reaction, no 
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smoke or soot - both an agglomeration of solid carbon par- 
ticles - would ever appear. Cracking is responsible for 
smoke formation. When heavy carbon atoms crack, carbon 
usually appears in the flame, instantly recognizable by the 
brilliant yellow color. The incandescent carbon particles 
which give the flame its brilliance are of a solid state. A 
"premixed" flame, even if the mixture is 30 or 40% rich, 
contains no solid carbon and is pale blue. A blue flame 
never produces smoke. A yellow flame often does. If 
enough oxygen is present the carbon particles may be con- 
sumed by the flame before any part of it is released as 
smoke. This is where excess air comes in handy. But in 
the absence of cracking, carbon would not even form and 
the best way to avoid smoke is to avoid thermal decompo- 
sition of the fuel during the combustion process. 

Thermal decomposition is promoted by high pressure and 
temperature. This can be spectacularly demonstrated by 
two simple experiments. 

Put an inadequate size chimney on a kerosene wick lamp 
so as to make it smoke slightly. Place a bell jar over the 
smoking lamp. Evacuate the air from the bell jar. At one 
point the lamp will quit smoking. If you continue evacua- 
tion, the flame will, of course go out. While the bell jar 
was evacuated, oxygen was removed. But at thesame time 
the pressure was lowered. With lower pressure the cracking 
ceased and thesmoke vanished in spite of the growing oxy- 
gen deficiency. 

From this it appears that the best way to prevent smoke 
is to make it impossible for the fuel molecules to crack. 
Since most fuels cannot be kept from cracking when exposed 
to high temperature, the next best thing is to oxidize the 
carbon molecules before much of it has a chance to crack, 
Oxidation requires a molecular contact between oxygen and 
carbon molecules. Atomization alone will not accomplish 
this. Even the finest droplets of 10 micron diameter con- 
tain more than 1048 molecules. Only a small portion of 
these molecules ‘are on the surface of the droplets, the rest 
depend upon evaporation, and diffusion for access of oxygen. 
This takes time and during this time the cracking process 
proceeds inexorably. 

The right thing therefore is to vaporize the fuel at a rela- 
tively lowtemperature. Oxidation then can proceed prompt - 
ly and most of it completed before cracking can do much 
damage. For oxidation, of course, the presence of an ade- 
quate amount of oxygen adjacent to the fuel molecules is 
essential. 

It is obvious that by discouraging cracking we discourage 
smoke formation. Dr. Meurer* accomplishes this ina diesel 
combustion chamber of the M system by vaporizing the fuel 
before it is mixed with air. Drs. Hussmann and Maybach 
did the same thing in a gas turbine combustor. In either 
case the temperature of the fuel is kept low before combus- 
tion to discourage thermal decomposition. 


*J. S. Meurer, SAE Transactions, (1956), 250. 


Radioisotopes Broaden The 
Approach To Machining Studies 


THE INTRODUCTION of radioisotopes to industry has made 
availabale a new research tool which has made it possible 
to broaden the approach to machining studies. The use of 
radioisotopes in the form of radioactive cutting tools which 
have been rendered radioactive by neutron bombardment in 
an atomic reactor has made it possible to extend our know- 
ledge of the tool wear process. The necessity for a thorough 
understanding of this process has become increasingly im- 
portant with recent advances in metal working requirements. 

In the ten year period since the introduction of the radio- 
active tool wear test mechod (Fig. 1) for evaluating and 
studying the mechanism of the wear of cutting tools, Ameri- 
can industry has entered an era in which the exotic mater- 
ials of ten years ago have become the materials of nuclear 
reactors, satellites and rockets of today, an era in which the 
introduction of the high strength thermal resistant alloys has 
caused industry to revert to the cutting speeds and feeds of 
the earlier thirties, an era in which the total machining 
costs to American industry is in excess of ten billion dollars 
annually (1)*. In order to cope with these problems of new 
materials and increasing machining costs, a clear under- 
standing of the mechanism of tool wear and methods for re- 
ducing it must be developed. 

The importance of tool wear can best be understood when 
one considers the ways and means available for reducing ma- 
chining costs. These costs are made up essentially of two 
parts: 

1. The cost of cutting, which is the labor and overhead 
on the machine tool. 

2. The cost of preparation of the cutter, which is the 
labor and overhead involved in resharpening. 

In the case of throwaway carbide tooling, the latter cost 
is very greatly reduced. 

Normally, there are two ways in which machining costs 


*Numbers in parenthesis designate references at the end 
of the paper 
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can be reduced. If the cutting speeds and feed rates can be 
increased, the number of parts produced per unit time will 
increase proportionately, hence the cost per part will de- 
crease, If the life of the tool can be increased by some 
means when machining at a given condition, then the tool 
preparation cost per unit part will also decrease. Either of 
these methods will reduce machining costs -- but both de- 
pend on tool wear: 

Since the cutting phenomena is a complicated physical 
process, the accurate measurement of tool wear becomes a 
difficult problem. Essentially, three conventional methods 
are available for measuring tool wear: 

1. Measurement of the linear dimensions of the worn 
areas of the cutting surfaces of the tool (such as measure- 
ment of the wear land on the flank). 

2. Geometrical determination of the worn areas or vol- 
umes. 

3. Determination of the weight of the worn volumes. 

The most generally used method of tool life end point de- 
termination is by optical measurement of the linea: dimen- 


Fig. 1 — View of radioisotope laboratory 
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Fig. 2a — End window Geiger-Muller detector 


sions, i.e. measurement of the wear land on the tool flank. 
The relationship between flank wear and cutting time is ob- 
served until complete failure of the tool occurs or until a 
predetermined amount of flank wear is reached. While a 
plot of the flank wear versus cutting time can, in many 
cases, give a linear relationship and a measure of tool wear, 
the experimental scatter in the data, especially if the cas- 
cading type of wear is present, makes it difficult to predict 
tool life accurately. Uncertainty of tool wear based on the 
above tool life end point criteria commonly varies by as 
much as + 30%, 

The determination of tool wear by measuring the volume 
or weight changes of the cutting tool would be a better meth- 
od, However, in view of the fact that the loss of volume 
or weight of the tool during the wear process is an extremely 
small quantity, in most cases, as compared to the total vol- 
ume or weight of the tool, the uncertainties of measurement 
due to build-up (i.e. particles of built-up edge, and other 
foreign material remaining attached to the tool) are often 
of the same order of magnitude as the quantities being meas- 
ured themselves. 

The principal deficiencies of the methods listed above 
are: 

1. The comparatively low precision of measurement. 

2. The expenditure of large amounts of labor, time and 
material. 

With the introduction of the radioactive tool wear meth- 
od by M.E. Merchant (2, 3) in 1950, and B. Colding and L. 


G. Erwall (4) in 1951, a method became available for ac- 
curately and rapidly evaluating tool wear. Not only has it 


proven to be an accurate and rapid method, it offers a tech- 
nique for investigating the actual mechanism of tool wear. 
Essentially, in this method one determines the amount of 
tool material worn from a cutting tool during a brief period 
of cutting. By machining with a radioactive cutting tool 
and then measuring the activity of the wear products on the 
chips, a quantitative measure of tool wear can be obtained. 
Since the amount of radioactivity present on the chips is dir- 
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Fig. 2b — Gas flow detector 


ectly proportional to the quantity of metal worn from the 
tool during the cutting operation, this radioactivity indicates 
directly the rate of tool wear. Therefore, if the radioacti- 
vity of chip samples obtained under different machining con- 
ditions are compared, then the relative tool wear or tool life 
for these different conditions can be determined. 

The sensitivity of the radioactive method is related to 
the ability of detecting and accurately measuring extremely 
minute amounts of radioactivity. As an example, for acut- 
ting tool with a specific activity of 1 millicure/gr (2. 2 x 
109 disintegrations per minute), wear products of the mag- 
nitude of 10-10 or can be easily determined. 


The accuracy of the radioactive method is due to the fact 


that all test cuts of a particular evaluation are made with 


the same cutting edge under otherwise identical conditions. 
Further, the duration of each test cut is quite brief, thus ex- 
cluding abrupt changes in the cutting process. Finally, a 
fairly large number of test cuts can be made in a short per- 
iod of time, and since each test cut constitutes a tool wear 
determination, an average tool wear value can be obtained. 


Radioactive Tool Wear Procedures 


There are a number of methods by which the cutting tool 
can be made radioactive. Of the methods available, by far 
the simplest and the one almost universally used, is the ther- 
mal neutron irradiation process. In this method, the tools 
are prepared ahead of time in the normal manner and then 
sent to an authorized facility for irradiation. E.1. Goodman 
(5) has developed the following technique for preparing ra- 
dioactive tools: Pure tungsten powder is thermal neutron ir- 
radiated, producing W-185 and W-187 activity is permitted 
to die out (24 hr half-life) and then the W-185 is mixed in 
a carbide formula and sintered into finished cutting tools. 

The choice of the radioisotope to be used in the cutting 
tool depends on a number of factors: 

1. The chemical composition of the tool material. 

2. The half-life of the available isotopes. 
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3. The method to be used to detect the activity. 

4, The specific activity of the tool. 

Essentially all high speed steel and carbide tool mater- 
ials contain either chromium, cobalt, tantalum or tungsten, 
or a combinations of these elements. Since these elements 
can readily be made radioactive by thermal neutron irrad- 
iation, the activation of tool materials becomes a simple 
matter. The radioisotopes formed are Cr-51, Co-60, Ta- 
182, W-185 and W-187, 

The half-life of the radioisotope is an important consid- 
eration, since it determines the length of time that will be 
available for carrying out the tests. If one uses the W-185 
isotope (as have B. Colding and L.G, Erwall (5), B. Colding 
(6) and M.C. Shaw, et al (7)), which has a half-life of 24 
hr, the total useful time for carrying out the tests is about 
5 days. Additionally, since the activity of the tool is de- 
creasing rapidly, a correction factor for the decay constant 
must be applied to the counting data. The use of the re- 
latively long half-life radioisotopes, such as Co-60 (5. 24 
years), Ta-182 (112 days) or W-187 (74 days), overcomes 
the problems encountered with the use of W-185 but intro- 
duces the minor problem of disposing of the cutting tools 
and chips after the tests have been completed. Users of the 
radioactive tool wear test method are divided about equally 
between the use of short and long half-life isotopes. 

The method or methods to be used in detecting the ra- 
dioactivity must be considered since the instrumentational 
techniques depend on the type of radiation emitted by the 
various radioisotopes. If beta radiation is used for indica- 
ting the radioactivity present on the chips, it is necessary 
to flatten and arrange them in a standard pattern for meas- 
urement with a beta detector, normally an end-window 
Geiger-Muller tube or a gas flow counter. Fig. 2a shows 
a set-up for beta counting with a Geiger-Muller tube and 
Fig. 2b with a gas flow counter. The efficiency of detec- 
tion with the Geiger-Muller tube is about 10% and approxi- 
mately 50% for the gas flow counter. If gamma radiation 
is used for the detection of the radioactivity, it is not nec- 
essary to flatten the chip because of the penetrating power 
of gamma rays. The chips are placed in a container and 
placed "on" or "in" a well of a scintillation counter. Fig. 
3 shows a well-type scintillation counter. The efficiency 
of this counter is 24%. As will be seen later, it is advanta- 
geous to be able to measure both the beta and gamma ra- 
diation of the wear products on the chips. 

The specific Activity (i.e. millicuries or microcuries per 
gr of tool material) is determined, to a large extent, by the 
method or methods used in detecting the radioactivity of the 
wear products on the chips. In the early days of the radio- 
active tool wear test method, when the only available means 
for measuring the gamma activity was the Geiger-Muller 
tube, specific activities of 6-60 millicuries per gr of tool 
material were common. The need for such relatively high 
activities was necessary, because of the very low efficiency 
of gamma detection by Geiger-Muller tubes (0.1%). With 


Table 1 - Effective Radioisotopes 


B - Energy y - Energy 
Isotope Half-Life Mo IBG We Min lee Woe 
Crs .oL 28 days 0.3 
Co- 60 5.2 years 0.3 oe 5.5) 
Ta- 182 112 days 0.5 LO fp) Lag 
W - 185 74 days 0.4 None 
W - 187 24 hours - Bey dh BI Many 


the advent of scintillation counting techniques, however, 
it has been possible to greatly reduce the specific activity 
of the tool and still, in fact, obtain much higher chip count- 
ing rates. At the present time, tools with a specific activ- 
ity of 500-600 micro-curies (1-10 - 1/100 of the former val- 
ues) per gr of tool material can be used. 

Table 1 lists the physical characteristics of the effective 
radioisotopes used in the radioactive tool wear method. 

When gamma radiation is used for the detection of the 
radioactivity of the wear products on the chips, a measure 
of the total or gross wear of the tool is obtained. However, 
if the radioisotope is also a beta emitter, it is possible to 
measure the flank and face wear of the cutting tool inde- 
pendently. During the process of cutting, most of the tool 
wear products remain attached either to the side of the chip 
which moves across the rake face of the tool, or to the new- 
ly developed surface. In Fig. 4 the wear products that come 
from the rake face of the tool become attached to the sur- 
face A of the chip, while the wear products that leave the 
flank side of the tool remain attached to side B. In making 


a second cut, it is evident that the chip produced will have 
tool wear products attached toboth sides of the chip, side A 


the rake wear products, and side B the flank wear products. 
The relative amounts of flank and rake wear can be deter- 
mined by beta counting the respective sides of the chips. 
Since beta rays have low penetrating power, the rays com- 
ing from the chip side opposite the detector are stopped by 


Fig. 3 — Well type scintillation detector 
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Fig. 4 — Transfer of wear products to flank and face sides of a 
chip 
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Fig. 5 Method of hake for determining tool flank and tool 
face wear by gamma detection 
the chip thickness and are not measured. 

O. Hake (8) has developed a method for differentiating 
flank and rake wear by means of gamma detection. Fig. 5 
shows schematically the procedure used. Two cutting tools 
A and B, with only tool A being radioactive, are used si- 
multaneously. They are set at 180 deg with respect to each 
other in making a test cut. The chips cut with the radio- 
active tool have radioactive wear products which come 
from the rake side, while the chips cut with the non-radio- 
active tool have radioactive wear products which come from 
the flank side. By gamma counting the separate chips, a 
measure of the flank and rake wear of the tool is obtained. 


Comparison of Radioactive and 
Conventional Tool Wear Methods 


In order to be of real value to metal cutting research, the 
radioactive tool wear method must more readily yield re- 
sults which are equivalent to and more accurate than those 
obtainable by conventional means. The data to be present- 
ed below are given to establish the validity and applicabili- 
ty of the radioactive tool wear test method and to compare 
the results obtained by this method with those obtained by 
conventional tool-life testing. 

The result of a series of test cuts taken on AISI 8650 is 
shown in Fig, 6. The accumulated radioactivity, which is 
proportional to the amount of tool wear, is plotted against 
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Fig. 6 — Accumulated activity of wear products on the chip’s 
versus optical flank wear 


the optical flank wear. It is evident from this figure that 
the accumulated gross wear (gamma counting) does corre- 
late with the optical flank wear measurements. B. Colding 
(8, 9) has shown that the integrated rake wear, flank wear 
and total wear when plotted against time gave linear rela- 
tionships. E. E. Nadeinskaya (10) has also shown, in his 
work with different grades of carbide tool materials, a re- 
lationship between the accumulated activity and cutting 
time. In addition, he reports that the tool life data as de- 
termined by the radioactive tool wear method agrees close- 
ly with tool-life data obtained by conventional flank wear 
measurements. H. Opitz and O. Hake (11) have also shown, 
in their work with the double tool method, a linear relation- 
ship between integrated flank and rake wear and cutting 
time. 

In order to completely establish the unit relationship be- 
tween the radioactive tool wear test method and the con- 
ventional flank wear method, a series of tests has recently 
been completed, in which the two methods were compared 
directly. The radioactive tool wear test data were obtained 
in the following manner: A series of 10 consecutive test cuts 
(each test cut constituting a tool wear determination) were 
made at each of the two test conditions and were evaluated 
on the same cutting edge. The duration of each test cut 
was so chosen as to yield at least 20 gr of chips. If less than 
20 gr of chips had been cut, in these particular tests, the 
effect of the entering and leaving of the cutting tool from 
the work material would have affected the results. Since 
there is the possibility of a "cross" or “conditioning” effect 
(i.e. the conditioning of the cutting edge when machining 
under test conditions A can influence the results when ma- 
chining under test conditions B.) it is necessary to run the 
tool "in" at each test condition. This running "in" period 
consists of making one cut of a duration equal to ten test 
cuts. The chip samples obtained after this running "in" 
period are then weighed and the gamma counted and the 
quantity, counts per minute per gr of chip, which is a meas- 
ure of the rate of wear of the tool is formed for each test 
cut, The average wear rate value is formed for each test 
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condition and the ratio of these two represents the relative 
tool life. The conventional optical flank wear tests were 
carried out in the normal manner, with 0.030 in. flank wear 
as the criteria for tool life end point. The results of the 
comparison between the two methods are given in Table 2, 

The actual tool life values in minutes for 0.030 in. Op- 
tical flank wear, the relative (ratio) tool life for each eval- 
uation as determined from the conventional tests, and the 
relative tool life as determined by the radioactive method 
are given in the table. Examination of these data clearly 
indicates the unit relationship between the two methods of 
evaluating tool wear. Further, it has been established that 
the radioactive method is superior to the conventional meth- 
od in terms of reproducibility. It is also quite evident that 
the radioactive method is much more rapid than the con- 
ventional method. The total time required for the radio- 
active tests was 3-1/2 work days as compared to 21 days 
for the conventional tests. 

In all of the discussions so far, it has been assumed that 
all or nearly all of the wear products remain attached to the 
chips during the cutting operation with a negligible amount 
of wear products going into the environment, i.e into the 
cutting fluid if a cutting fluid is used, or into the surround- 
ing air if the cutting is performed dry. In the machining 
of steels and cast iron this assumption has been borne out 
by numerous measurements, When machining witha cutting 
fluid it was established that 90% or more of the tool wear 
products remain attached to the chips. B. Colding has also 
shown that in dry cutting the vast majority of the wear prod- 
ucts remain attached to the chips, In a recent study of the 
machinability characteristics of a number of aluminum al- 
loys, it has been found that the percentage attachment of 
the wear products to the aluminum chips is quite different 
from steel chips. In the case of these aluminum alloys, the 
amount of tool wear products remaining attached to the chips 
varied between 41% for one alloy to 86% for another alloy. 
Thus, in this investigation it would not have been valid to 
neglect this factor, It was, therefore, necessary to correct 
the wear rate data obtained by counting the wear products 
on the chips by the amount of wear products present in the 
cutting fluid. The amount in the cutting fluid was deter- 
mined by collecting and counting the radioactivity present 
in the fluid, That the percentage of wear products remaining 
attached to the chips can vary significantly, does not, how- 
ever, invalidate the radioactive tool wear method in any 
way, since in most cases it is a simple matter to account 
for this factor. 

The weight of evidence above makes it clearly evident 
that the radioactive tool wear method is indeed a rapid and 
accurate method for determining tool wear and yields re- 
sults which are commensurate with those obtained by con- 
ventional methods, 


Typical Results 


In the last ten years since the introduction of the radio- 


Table 2 - Comparison of Conventional and Radioactive 
Methods of Tool Life Determination 


Relative Tool 


Tool Life Relative Life as De- 
Conditions for 0,030 Tool Life termined by 
Conditions Flank Wear from Flank Radioactive 
Evaluated Min. Wear Tests Method 
AUST LL 
and 970 0,64 0, 96 +0, 08* 
AISI 1018 1510 
AISI81B45 450 
and 0.12 0,12 +0.01 
AISI 1117 1510 
Emulsion Type 
Cutting Fluid 470 
and 1.33 1.78 40.08 
water 345 
Cut Speed 
.50 fpm 345 
and 3.43 3.10 +0.16 
100 fpm 41 


*UJncertainties are based on 90% statistical confidence 
limits, 


active tool wear method, The Cincinnati Milling Machine 
Co, has been using this method on a routine basis for evalu- 
ation of the effects of the numerous machining parameters 
as related to tool wear. In this time more than 600 tool 

wear evaluations, representing more than 6000 individual 
tool wear tests, have been completed. These tests have 

covered nearly all phases influencing tool wear, such as cut- 
ting speed, feed rate, work material, tool material, cutting 
fluid, tool geometry, method of tool preparation, and ef- 
fect of vibration and rigidity. The results of typical appli- 
cations of the radioactive tool wear method will be discus- 
sed to’ illustrate the effectiveness and usefulness of the 
method. 

Table 3 shows the results of the aluminum alloy evalua- 
tion mentioned earlier. The information required in this 
evaluation was a determination of the relative machinabil- 
ity of an experimental high silicon content aluminum alloy 
as compared to a number of commercial aluminum alloys, 
The data have been standardized for a relative machinabili- 
ty index of 100% for the 355 alloy, It is interesting to note 
the relatively large variation in the machinability index of 
the various commercial alloys, from 100% for the 355 alloy 
to 54% for the 356 alloy. The low index for the high sili- 
con content experimental alloy, 30%, is attributed to the 
abrasive action of the silicon on the cutting tool. It is im- 
portant to mention that if these tests had been performed 
by the conventional flank wear measurement method, at 
least six weeks would have been required with the expendi- 
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Table 3 - Relative Tool Life of a Number of 
Aluminum Alloys 
% of Wear Products 
Aluminum Relative Remaining Attached 
Alloy Tool Life to the Chips 
355 100% 7TA%o 
355S* 62% 15% 
356 54% 41% 
356S* 80% 68% 
High silicon 
alloy 30% 86% 


*Solution treated and aged, 


Table 4 - Effect of Rigidity on Tool Life 


Test Conditions 


Work Material AISI 81B45 
Cut Speed 50 fpm 
Feed 0.008 in. rev. 
Tool H.S.S., Orthogonal cut +10 
rake, 7 deg clearance 
Results 
Optical Flank Wear 
on the Tool Relative Tool Life 
Least Rigid Tool Holder 
Most Rigid Tool Holder 
0,004 1.38 40.09 
0.010 1,93 20.13 
0.017 1,52 +0,12 
0,022 0.87 40.10 


Integrated Value 0 - 0,030 Flank Wear 1,35 


ture of a vast amount of metal as well. The radioactive 
method required five days and 20 lb of metal. 

Aside from the routine evaluation of work materials and 
cutting fluids, the radioactive tool wear method has been 
used as a research tool for investigating numerous other areas 
of metal cutting research. One of these has been to obtain 
definite information regarding the influence of vibration and 
rigidity on tool wear. While it has been known in a gen- 
eral way for many years that vibrations and rigidity can be 
an important consideration in the life of a cutting tool, quan- 
titative information has not been available to pinpoint the 
actual magnitude of this effect. In this investigation the 
radioactive method provided a means for accurately and rap- 
idly exploring a large domain of machining conditions, Two 
tool holders of widely different rigidity characteristics were 
employed. Tool holder A, the most rigid one, had a static 
"stiffness" of 1.8 x 106 lb/in, and a corresponding natural 
vibrational frequency of 28,000 cycles per second, while 
tool holder B, the least rigid, a "stiffness" of 8.5 x 104 Ib/- 
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Table 5 - Effect of Rigidity on Tool Life 


Test Conditions 


Work Material AISI 81B45 
Cut Speed 100 fpm 
Feed 0.004 in. rev. 
Tool H.S.S., Orthogonal cut + 10 
rake, 7 deg clearance 
Results 
Optical Flank Wear 
on the Tool Relative Tool Life 
Least Rigid Tool Holder 
Most Rigid Tool Holder 
0.006 2,02 +0.26 
0.013 1,25 40.08 
0.022 2,81 +0. 32 


Integrated Value 0 - 0.030 Flank Wear 1. 81 
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Fig. 7 — Wear characteristics of three grades of carbide tool 
materials 


in. and a natural vibrational frequency of 3700 cycles per 
second, Results obtained at two different test conditions 
with these two tool holders are given in Tables 4 and 5. 

It is evident from these results that not only does rigidity 
materially affect tool wear, but that the effect of rigidity 
on wear rate is also a function of the amount of optical flank 
wear present on the tool when each evaluation was made. 
The effect of rigidity on overall tool life can be obtained 
by integrating these values between the limits of flank wear 
0-0,030 in, For the conditions in Table 4 the overall tool 
life was reduced by 35% and for conditions in Table 5 by 
81%, 

E. B, Nadeinskaya (10) has used the radioactive tool wear 
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method to investigate the wear resistance characteristics of 
a number of grades of carbide cutting tools, Fig. 7 shows 
the results of the effect of cutting speed on the gross wear 
of three grades of carbide tool materials, The relative tool 
lives of three grades were found to be in the proportion of 
T5K10/T15K6/T30K,1/7.5/26, In the same paper, Nadein- 
skaya reports on the optimization of the wear characteristics 
of a high-speed steel tool material as related to five dif- 
ferent conditions of the tool, namely, normal heat treat- 
ment, cyaniding, and three different variations of sulfuriza- 
tion. The results of the radioactive tests permit him to find 
the zone of minimum wear and establish the fact that the 
best results were secured by cyaniding and normal heat treat- 
ment. Sulfurization did not reduce the wear of the tool. 

M. C. Shaw, P. A. Smith, B. Colding and N. H. Cook 
(7) in their work on the machining of titanium used the radio- 
active tool wear method to extend tool life data obtained 
by the conventional flank wear method, i.e. a minimum 
number of conventional tool life tests were made in order 
to establish the basis of absolute wear, tool life in minutes, 
with the rest of the data necessary for the Taylor curves be- 
ing secured by the radioactive tool wear method, Fig. 8 
shows the tool life (0.030 in, flank wear) versus cutting speed 
for titanium alloy C 130 AM as obtained by the radioactive 
method, 

While the application of the radioactive tool wear method 
has been limited almost exclusively to turning operations, 
some work has been done in milling. Fig. 9 shows the mill- 
ing setup used in these studies, Fig. 10 shows a plot of the 
accumulated activity of the wear products on the chip versus 


the weight of metal removed. 
There, as in most of the lathe tests, a linear relation- 


ship exists between wear and the amount of metal cut. Fig. 
11 gives the results of a series of tests of the relative tool 
life of a milling cutter when the cutting speed is varied. 
The results obtained in this test coincide with those that are 
known to exist between cut speed and tool life as obtained 
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Fig. 10 — Accumulated activity of wear products on the chip’s 
versus weight of metal removed — face milling 
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by the conventional method. Fig. 12 shows the results when 
the cutting speed is held constant and the feed rate is varied. 
Here again, the results obtained in this test coincide with 
those that are known to exist between cut speed and tool life 
as obtained by the conventional method. Fig, 12 shows the 
results when the cutting speed is held constant and the feed 
rate is varied. Here again, the results agree closely with 
the known relationship between feed and tool life. 

As in turning operations, the question arose as to the 
amounts of tool wear products that remain attached to the 
chips, that pass into the environment, and that remain at- 
tached to the milled surface. The latter amount would be 
due to the rubbing action of the tool on the freshly cut sur- 
face of the workpiece. This quantity was determined by 
first cutting with a radioactive cutting tool and then making 
a second cut with a non-radioactive cutting tool, By com- 
paring the activities of the two chip samples, the second 
sample giving the amount of wear products left on the sur- 
face on the milled workpiece by the radioactive tool, the 
percentage remaining attached to the milled workpiece 
was determined. It was found that only 1.5% of the total 
wear products remain attached to the workpiece. The amount 
going into the cutting fluid was very minute, In fact only 
an upper limit can be assigned because no measurable amounts 
have been found in the cutting fluids, Based on counting 
statistics, a value of about 1/2% can be assigned, Thus, it 
can be seen that, as in turning, the vast majority of the wear 
products remain attached to the chips, 


Special Studies with Radioactive Tools 


Use of radioisotopes in the form of radioactive cutting 
tools has provided the opportunity for the development of 
techniques useful in investigating the nature and mechanism 
of tool wear, By means of autoradiographs it is possible to 
detect and measure the nature and distribution of individual 
wear particles, An autoradiograph can be obtained by plac- 
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ing a chip cut with a radioactive tool in contact with photo- 
graphic film and allowing the radiation emitted by the wear 
particles to expose the film. In preparing the chips for au- 
toradiographing, a number of precautions have to be taken. 
Since most chips are not flat enough for autoradiographing 


’ directly, it is necessary to carefully anneal the chip in a 


vacuum furnace prior to flattening, in order to prevent the 
formation of an oxide film which can disturb the wear par- 
ticples on the chips. Chips must be handled with care since 
some of the wear particles can easily be detached, Fig. 13 
shows autoradiographs of the face and flank side of lathe 
chips for two work materials, AISI 1018 and AISI 81B45 and 
four different feed rates, Visual examination of these au- 
toradiographs will disclose a number of interesting facts which 
have heretofore not been known and in all probability could 
not have been disclosed by any other means. For AISI 1018 
it can be seen that the concentration of wear particles per 
unit area decreases rapidly with increasing feed, while the 
physical size of the wear particles increases, At the 0.0015 
feed rate the wear particles must be extremely small and 
densely distributed in order to give such a uniform exposure 
of the photographic film. At the 0,004 feed the wear par- 
ticles have become discrete and are much larger in size. 


The AISI 81B45 has the same trends; density of wear parti- 
cles decreases with feed, while the size of the wear parti- 
cles increases, However, the absolute magnitude of the 
concentration and physical size of the wear particles are 
quite different. While it is not possible to give a complete 
interpretation of these autoradiographs, it is clearly evident 
that the use of such techniques can shed much needed in- 
formation on the nature and mechanism of tool wear, 

The application of autoradiographic techniques to the 
study of milling chips has yielded interesting information 
on the role of the built-up edge as related to rool wear. Fig. 
14 shows an optical photograph and an autoradiograph of the 
face side of the same milling chip, At the left is that por- 
tion of the chip that was formed when the cutter first enter- 
ed the work material. It is immediately apparent that the 
high concentration of wear particles is the result of impact 
as the tool enters the workpiece. This effect of impact can 
also be seen in the autoradiograph of the workpiece surface 
(Fig. 1£). The top of Fig. 15 shows the high concentration 
of wear particles that results each time the cutter enters the 
workpiece, As the cutter continues through the workpieve, 
the wear particles become less densely and more uniformly 
distributed. On the right hand side of the chip autoradio- 
graph, there is also an area of high concentration of wear 
particles, This high concentration results from the presence 
of the built-up edge on the tool, for as the tool leaves the 
workpiece the built-up edge remains with the chip, but in 
being removed from the tool it "plucks" material from the 
tool, This "plucking" of the tool as the built-up edge is 
sloughed off, can also occur during any stage of the cut. Fig. 
16 shows this sloughing of the built-up edge along the whole 
length of the chip, Thus, the importance of the presence of 
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the built-up edge can be appreciated, If this “plucking” 
of the tool material by the sloughing built-up edge can be 
reduced or eliminated, the wear of the cutting tool can be 
decreased and its life increased. 

In their study of the transfer of work material to a cut- 
ting toolI. Finne and E, Rabinowicz (11) used a variation 
of the radioactive tool wear method. In place of radioac- 
tive tools, they used ordinary tools to cut a radioactive work 
material, copper, The amount of transfer was determined 
by making quantitative autoradiographs of the cutting tools, 
They found that the amount of metal transfer to the cutting 
face was of the same order of magnitude as would be pro- 
duced in a sliding experiment under similar condition, ‘he 
use of lubricants was found to reduce drastically the amount 


0.004 


Fig. 13a — Lathe chips autoradiographs for 1018 


work material, 30 cut speed. 


Fig. 13b — Lathe chips autoradiographs for 81B45 
work material, 30 cut speed. 


of metal transfer. 


Summary 


The use of radioisotopes in the form of irradiated cutting 
tools has proven to be a very powerful tool for investigating 
the problems of tool wear as influenced by the numerous ma- 
chining parameters, It not only provides a method for rap- 
idly and accurately evaluating these parameters, but offers 
a means for studying the actual mechanism of tool wear as 
well. Much of the information now available was unattain- 
able by more conventional tenchiques, While the radioac- 
tive tool wear method does have some distinct advantages 
over the conventional methods of obtaining tool wear infor- 
mation, and for investigating the mechanism of tool wear, 
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AUTORADIOGRAPH 
Fig. 14 — Optical photograph and autoradiograph of face side 
of milling chip 


it does not replace or supercede the conventional methods, 
as much information can be obtained by the conventional 
methods, Combined use of the two methods will go a long 
way in solving the practical problems associated with the 
cutting process and shed more light on the mechanism of 
tool wear. 
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Recent Developments in Cam Design 


THE MATHEMATICS of the optimized cam design method 
is based upon the “polydyne" analysis where in the differ- 
ential equations of motion connecting the desired valve mo- 
tion with cam displacement are solved by means of poly- 
nomial equations. A certain familiarity on the part of the 
reader with the "polydyne method of cam design” has had 
to be assumed—partly in the interests of brevity and partly 
because, in the opinion of the authors, the presentations giv- 
en in the original work (1)* could not be improved. This 
paper, therefore; while quoting freely from the original work, 
discusses primarily additions and modifications to the poly- 
dyne method of cam design. 

This paper is divided into three sections: 

1, A Statement ofthe Cam Design Problem - wherein the 
cam design goals and limitations are discussed. It is shown 
that in overhead-valve (pushrod) engines, five basic inter- 
dependent variables are involved in any particular cam de- 
sign. These are 

a. Valve event length. 

b. Valve lift. 

c. Range of engine speeds. 

d. Valve train natural resonant frequency (fundamental 
mode). 

e. Force-stress limits in the valve train. 

Of five, only three may be chosen independently. This is 
done as follows: 

a. The valve event length is chosen based on gas dy- 
namics considerations. 


*Numbers in parentheses designate References at end of 
paper. 
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b. The range of engine speeds is fixed (with, in partic- 
ular, the maximum and engine design speed) from measured 
values of the valve train resonant frequency—based on an 
empirical design equation. 

c. The valve lift is then determined (in a series of order 
ed steps) based on an arbitrary design choice for the max- 
imum allowable force-stress limits in the valve train sys- 
tem. 

By means ofadigital computer program a valve lift is 
determined which maximizes the area under the valve lift 
diagram. 

Finally, it is shown that the design problem is similarly 
solved for the overhead cam engine except that the valve 
train resonant frequency is not a limiting factor. For this 
engine type, the engine speeds are chosen from either gas 
dynamics or force-stress limits considerations. In general, 
this section of the paper defines the optimalcam design prob- 
lem. 

2. A summary-extract of the polydyne method for cam 
design - by means of a flow chart, a general perspective of 
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the mathematical steps involved in a polydyne solution is 
given which, with an optimum solution considered, leads 
to the overall desirability of electronic computer program- 
ming. In general, this part of the paper provides a digested 
review of the mathematical means for problem accomplish- 
ment. 

8. Discussion of the computer work and how the desired 
boundary conditions in an optimal cam profile design solu- 
tion are achieved - in addition, an analytical method for 
selecting the valve spring design which matches the partic - 
ular dynamics of the cam profile is discussed. When com- 
plemented by the original polydyne method text, this 
section states how the optimal cam design problem solution 
may be accomplished. 


Statement of Cam Design Problem 


In the beginning one might regard the automotive engine 
type cam as not more than a smooth lump on an otherwise 
round metal shaft. The cam function is to drive the valve 
train in such a way as to open, then close, the valve as rapid- 
ly as possible with an overall valve event of predetermined 
duration. A vast quantity of engine design and develop- 
ment experience has shown, however, that a precise and 
carefully controlled profile for the cam is of vital import- 
ance to the successful performance of the engine. An ex- 
tensive literature has evolved to provide the engine design- 
er with an analytical solution to the cam design problem, 
and yet, to a large extent, the methods actually employed 
in the industry remain trial-and-error, expensive procedures. 
This is partly because the analytical methods of cam design 
are technically involved, and because the basic problem 
objectives and limitations have not been sufficiently well 
defined to permit a successful analytical solution with a high 
degree of certainty. Both the goals and the limitations in 
the analytical definition of the design of an optimum cam 
profile will be critcally considered here. 

The objective of the cam design procedures is to obtain 
the most effective valve-lift diagram possible with a given 
valve train system considering the practical limits imposed 
upon the design by 

1. The prescribed limits on valve event. 

2. The maximum allowable loads and stresses permis- 
sible in the valve train. 

3. The elastic characteristics of the valve train. 

4, The practical limits imposed by production cam man- 
ufacturing accuracy. 

Restated, the design objective is to approach as nearly 
as possible (from the conservative side) the "optimum" cam 
profile for any particular engine. 

This work was begun some years ago. The initial step 
was a literature survey and review which included, we be- 
lieve, nearly every paper (English language) published on 
the subject of engine cam design. The more important of 


J. H. NOURSE, et al. 


these were studied in detail. This paper, therefore, is pre- 
sented as having been built upon the original concepts and 
contributions of many other engineers whose work preceded 
our own. Our effort has been one of organization and ar- 
rangement; and while it is hoped that we may have contri- 


’ buted an ideal here and there, mainly, this work was begun 


from an established foundation. 

Most important (as a foundation to this paper) has been 
a remarkably fine series of papers offered to the engine de- 
sign and manufacturing industry some years ago by the Valve 
Division of Thompson Products, Inc. (now Thompson-Ramo 
Wooldridge). These papers have earned an established and 
respected place in cam design literature. Ref. (1) which 
was based upon work by Dr. W.M. Dudley, defines and pre- 
sents a method for cam design that provides for the elastic 
deflections in the valve train system during engine operation. 
This method is called the polydyne method of cam design. 
We believe their study (in the original form) to be of fun- 
damental importance to the subject of valve train design as 
well as cam design. 

In all respects, the engine is an elastic system. The 
valve timing and event lengths control the fluid flow of gas- 
es having inertial and compressible properties. The fixing 
of these values for a cam design in any given engine system 
depends, therefore, upon the general subject of gas dynam- 
ics. In addition, there is inherent to the design of the en- 
gine elastic system the problem of the inertial dynamics of 
the mechanical components. In particular, a consideration 
for the dynamic deflections in the valve train linkage and 
support points is vital to the design of the cam contour. This 
fact becomes more important as the valve loads increase 
with higher design engine speeds, and again, as the valve 
train stiffness-to-mass ratios decrease with the design effort 
toward lighter engine weights. It has been aptly stated (1) 
that "The actuating forces in the valve train at high (engine) 
speeds in combination with inherent (valve train) flexibility 
result in a valve motion that bears no simple relationship 
to cam contour. ” 

Simply given, the considerations for the gas dynamics 
and inertial dynamics in the engine have caused the cam 
lobe shape to modify from what could previously be regard- 
ed as not more than a smooth lump on a round metal shaft 
to a precise and carefully controlled contour. 

GENERAL OBJECTIVES - A qualitative statement of the 
cam design problem can be given as follows: Based upon 
a given, desired engine performance (that is, specific tor- 
que and horsepower characteristics diagrams), and a par- 
ticular valve train configuration, how may the optimum 
cam lobe contour be selected through ordered analytical 
steps from among the infinite number of possible contours 
available? The "optimum" cam lobe contour is defined as 
that contour which most nearly obtains the engine perform- 
ance objectives while taking account of the limitations im- 
posed upon the design by the elastic characteristics of the 
engine system. 


RECENT DEVELOPMENTS IN CAM DESIGN 


The single, most important rule for obtaining a success- 
ful cam profile is that of starting the design with objectives 
which are both reasonable and compatible with the design 
limiting criteria. Engine design performance objectives will 
seek to specify (cam design) values for: 

1. Valve event (and timing). 

2. Valve lift. 

(Both controlled over a specitied range of engine speeds 
up to some maximum speed. ) 

The limitation to the accomplishment of any arbitrary 
set of such goals will be fixed by certain physical charac- 
teristics in the valve train. These may be broadly divided 
into two classifications: 

1. Valve train dynamics limits—where, in overhead- 
valve (push-rod) systems, the fundamental natural resonant 
frequency of the valve train will normally limit the prac- 
tical maximum engine operating speeds. 

2. Force-stress limits—wherein the valve train interface 
designs, including metallurgy and lubrication, will fix the 
maximum allowable forces and bearing stresses. These lim- 
its will normally establish the maximum allowable accel- 
erations in cam designs for either overhead-cam or over- 
head-valve engines. 

The important point to this generalized discussion is that 
we seek a particular valve motion to obtain a desired en- 
gine performance. From the cam profile design point of 
view, the valve train system characteristics limit the per- 
formance that can be realized. The relationship between 
the parameters affecting design goals as opposed to systems 
limitations are both numerous and subtle. If the cam pro- 
file is to be optimized, these parameters must be defined 
quantitatively. It is necessary to examine the solution boun- 
dary conditions to determine which must be considered rigid, 
and which may be adjusted in favor of some other more de- 
sirable requirement. In this engineering problem, as in 
most, the final solution is the result of compromise. We 
seek the optimum compromise. 

SPECIFIC DESIGN GOALS - Consider first, the specific 
values of valve event length, valve lift and operating range 
of engine speeds as these relate to the gas dynamics prob- 
lem of engine design performance. 

Valve Event Length - In the context of this problem, 
the subject of gas dynamics relates the particular configura- 
tion of the engine gas flow passages (with valve timing and 
event lengths) to the desired characteristics of engine per- 
formance. While this is a vitally important problem, there 
exists no analytical method for choosing optimum valve 
event and timing values expressed as a function of engine 
manifold geometry for engine torque and horsepower per- 
formance characteristics, Fortunately, there does exist an 
extensive practical experience which allows near optimum 
values to be chosen empirically, These, normally, are then 
varied in a few carefully chosen trials to maximize a desired 
performance result, Such trials require a limited number 
of cam designs, but it is important to recognize that the valve 
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event lengths and timing must be rigidly determinedin each 
trial as well as in the final choice of such values, For the 
optimum cam design the valve event length, having been 
selected, becomes invarient. 

Valve Lift - While it is customary (with engine cam de- 
sign methodology) to consider the valve lift as a rigid de- 
sign specification, it will be shown that there are important 
advantages which will accrue to the cam profile (and to the 
engine performance) if the design value of the valve lift is 
not rigidly prescribed, It is suggested that the optimum cam 
design specification should state, instead, a minimum and 
maximum acceptable valve lift limit. The design goalthen 
will be to achieve the maximum lift obtainable within the 
specified tolerance, 

The valve lift required to produce an annular valve-open 
area just larger than the port area at the valve seat is a lift 
equal to 25% of the valve seat diameter (2). The design 
value for the valve lift is, therefore, normally fixed at this 
level. Two ideas are necessary to explain why this value 
should not be considered a rigid specification. 

First, consider the parameter used to evaluate and maxi- 
mize the “engine breathing,” the area under the valve-lift 
diagram. While it is true that area added to the diagram 
above the normal (25% of valve seat diameter) valve lift lev- 
el is relatively ineffective, there is a significant gainin area 
below this level associated with a higher valve lift. (See 
Fig. 1.) The gas dynamics of the flow through both intake 
and exhaust valves has been studied. These considerations 
show that a true evaluation factor for the relative effective- 
ness of the areas under the valve-lift diagram would be quite 
complex but that, however this may be done, a practical 
and simple maximizing of the arearachieves the desired ef- 
fectiveness evaluation result. The important point is that 
higher valve lifts improve the effective breathing of the en- 
gine and also that this effectiveness can be evaluated from 
the valve lift diagram area even though the gain in effec- 
tiveness with area is not linear. 

Second, as will be shown later, the design values for valve 
event, valve lift, engine design speed, valve train resonant 
frequency, and the maximum allowable interface bearing 
stress are interdependent quantities in any particular cam 
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Fig. 1 — Gain in effective valve lift diagram area with optimized 
lift 
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design. The maximum possible valve lift attainable (assum- 
ing there is not a clearance problem) will, in general, in- 
crease with a longer valve event, increase with a higher 
valve train resonant frequency, and also increase with a high 
er allowable stress, but will decrease with a higher engine 
design speed. The interdependency of these factors is such 
that it can, and occasionally does, happen that the speci- 
fied value for valve lift cannot be obtained without exceed- 
ing one or more of the limiting factors. An important part 
of the cam design problem is the discovery of this fact; but 
equally important is the discovery that a greater valve lift 
is available to a given design. For example, it is usual to 
gain between 5% and 10% in valve lift area by optimizing 
the valve lift. In a recent cam solution, an improvement 
in engine peak horsepower performance of 16% was obtained 
from this single consideration: 

Engine Speed Range - The third (and last) cam design 
factor involved with gas dynamics is the range of engine de- 
sign operating speeds, While torque performance depends 
upon an accurate valve timing and control related to single 
units (cylinder volumes) of fuel-air mixture in each cylin- 
der, the horsepower performance is related to the rate at 
which successive units of mixture can be effectively pro- 
cessed, That is, power performance is closely identified 
with engine speed, Since accurate valve control over a range 
of engine speeds depends upon the valve train resonant fre- 
quency more than any other single factor, from the point of 
view of the cam design, the power performance, the range 
of engine operating speeds in general, and the maximum 
engine operating speed in particular, depend primarily upon 
the stiffness and mass (that is, the resonant frequency) of the 
valve train. 

Earlier in this discussion, the limiting factors in a cam 
design were broadly classified into two parts: the valve train 
dynamics and force-stress limits. The importance of the 
valve train resonant frequency parameter can best be appre- 
ciated by comparing the difference in the range of engine 
speed perfarmance between the overhead-valve (pushrod) 
and the overhead-cam type engines. The pushrod engine 
will normally have a valve train resonant frequency of 
30, 000 to 50,000 cpm; the corresponding maximum engine 
speeds will be between 4000 and 6000 rpm. These ranges 
assume that the valve spring load at the cam will be suffi- 
ciently low so that excessive bearing stresses will not occur 
at engine crank and idle speeds with normal production ma- 
terials and lubrication. In the overhead-valve engine, the 
valve train resonant frequency will design the maximum en- 
gine speed; the force-stress limits will design the maximum 
allowable cam profile accelerations, 

The overhead-cam engine will normally have a valve 
train resonant frequency of 200, 000 to 500,000 cpm and a 
maximum engine speed of 6000 to 8000 rpm. On the basis 
of valve train frequency, the engine speed would not be- 
come important below about 12,000 rpm; the force-stress 
limits are the controlling factor in the overhead-cam en- 
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Fig. 2 — Overhead (pushrod) valve train 


gine cam design. 

Consider the general arrangement of a typical overhead- 
valve (pushrod) gear design (see Fig. 2.), and retain inmind 
that the specific function of the gear is to control precisely 
the motion of the end element (valve) at engine speed. As 
the tappet moves up the cam opening ramp, first any clear- 
ance, then the static and dynamic deflections in the valve 
train, are taken up in such a way that, ideally, the valve 
will just lift from the valve seat as the tappet reaches the 
top of the ramp. At this moment, then, the valve train has 
experienced some compression and has stored an amount of 
elastic energy. In the first few degrees of the cam opening 
event, much larger acceleration forces are applied by the 
cam to the valve train to accelerate the valve. Further 
valve train compression takes place, and thus still more po- 
tential elastic energy is stored in the valve train system. If 
at this further moment the accelerations imparted by the 
cam continue, the system will rebound with the potential 
energy of compression exchanged for kinetic energy in the 
end (valve) element. The effect at the valve is to induce 
suddenly a much higher acceleration than that given by the 
cam. The elapsed time required for this rebound to occur 
is precisely related to the natural resonant frequency of the 
valve train system, and it is important to note that this in- 
terval is wholly independent of engine speed. 

In the "polydyne” system of cam design, the accelera- 
tion forces applied to the valve train system at the cam are 
adjusted in such a way (that is, in the right amount and at 
the right time) so as to just relieve and compensate for this 
release of potential compression energy. By this means, the 
valve acceleration diagram is properly controlled; while the 
cam acceleration diagram shows a pronounced dip. (See 
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Fig. 3 — Acceleration diagram showing cam dip 


Fig. 3,) Because, however, the elapsed time for valve train 
compression and rebound depends directly upon valve train 
frequency and is independent of engine speed, the compen- 
sation in the cam profile can be exactly positioned for only 
one engine speed—this will be the engine design speed. 

Summarizing, the optimum cam design goal for engine 
speed range will be fixed by a consideration of the vale train 
resonant frequency in overhead-valve enginesmand by a cor 
sideration for gas dynamics and force-stress limits in over- 
head-cam engines, 


DESIGN LIMITATIONS - Valve Train Dynamics - Every 
real physical system has an infinite number of degrees of 
freedom—that is, each particle of mass within the system 
is able to deflect and vibrate along three perpendicular axes 
as well as rotate about each one, Also, any real system is 
non-linear in the sense that a particle of mass after displace 
ment does not experience a restoring force exactly propor- 
tional to the amount of such displacement. Elastic systems 
made from metal are, however, very nearly linear—and 
further, most valve train systems can be reduced or idea- 
lized to one having a single degree-of-freedom. These two 
simplifying factors enable the engineer-mathematician to 
handle cam design problems as these relate to the inertial 
dynamics of valve train systems. The idealized single de- 
gree-of-freedom valve train of the typical overhead-valve 
engine will appear as in Fig. 4, the overhead-cam engine 
as in Fig. 9. 

That any particular valve train system is a near approxi- 
mation to a single degree-of-freedom system cannot be safe- 
ly assumed in practice. It is very desirable to check this 
point prior to the start of any particular cam design, During 
the single degree-of-freedom check, several important pieces 
of information are gained; one way to accomplish this step 
will be explained later in this paper. 

Valve train systems which respond as having a single de- 
gree-of-freedom, and which also are driven by a cam pro- 
file wherein the correction for valve train compression has 
been properly made for a particular engine speed will show 
vibration amplitudes at the end element plotted as a func- 
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Fig. 5 — Idealized (S.D.F.) overhead cam valve train 


tion of engine speed similar to that given in Fig. 6. Ideally, 
the vibration of the end element will become Zero at design 
speed, will have a maximum amplitude at about 70% de- 
sign speed, and will have an equal amplitude again at 110% 
design speed, At engine speeds above 110% design speed, 
the amplitude increases very rapidly. The kind of response 
shown is characteristic of the single degree-of-freedom sys- 
tem, but the degree of response is a function of the valve 
train resonant frequency so that for systems which are in all 
other respects (mathematically) equal, the plot will look 
like that shown in Fig. 7. By continuing along this line of 
investigation, it is found that the engine design speed can 
be adjusted for each system having a different valve train 
resonant frequency, as shown in Fig. 8. This figure shows 
that (theoretically) the design engine speed can be adjusted 
for each system such that the maximum vibration ampli- 
tudes will be an equal and predetermined amount. Itisalso 
shown that for a limited and controlled level of vibration 
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Fig. 6 — Valve vibration amplitude versus engine speed 
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Fig. 7 — Effect of valve train resonant frequency 
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Fig. 8 — Effect of engine design speed 


amplitude in any system, the engine design speed must be 
fixed as a function of the system's valve train resonant fre- 
quency. 


The valve spring force can be adjusted to retain the valve 
train parts under some compression in the presence of vibra- 
tion amplitudes of limited magnitude. As the amplitudes 
are permitted to become greater by extending the engine 
design speed for any given level of valve train resonant fre- 
quency, corresponding increases in valve spring loads are 
required, but these very rapidly produce excessive bearing 
pressures near the location of minimum instantaneous radius 
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of curvature along the cam profile. Nevertheless, the dy- 
namic considerations introduced up to this point suggest that 
at engine design speed, the vibration amplitude level will 
be zero; that if the cam acceleration profile and systems 
response avoids an excessive amplitude at 70% engine de- 
sign speed, the response at 100% design speed must be con- 
trolled. Unfortunately, in practice, this conclusion turns 
out to be ttue only with some additional qualification; con- 
sider the following concept of command and response. 

Command and Response - This concept in the valve 
train dynamics deals with the time required for a given comr 
mand signal imparted by the cam to travel the length of the 
valve train and be received for response by the end (valve) 
element, A cam acceleration force imparted to the tappet 
moves through the tappet and pushrod as a compression 
wave—the bridge across the rocker arm to the valve is part- 
ly a shear wave and partly a longitudinal wave. Each type 
of wave moves at a characteristic (and nearly invarient) ve- 
locity. The compression wave velocity is about 15000 fps; 
the other types are less than 1/10 of that amount. 

At an engine speed of 4000 rpm, the corresponding cam 
angular velocity is 12000 deg per sec, If the valve train 
path length is in the order of 15 to 18 in., the cam willhave 
advanced between 2 and 4 deg during the command-response 
time interval. At this later moment, the cam will normal- 
ly be generating a completely different signal than the one 
received by the end element. The effect is similar to that 
of dumping packages ever more rapidly upon a conveyor sys 
tem of constant velocity. At some characteristic engine 
speed and cam angular velocity, the valve train command- 
response system becomes disorganized. In the technical 
sense, while it retains its linearity, it ceases to respond as 
a system having a single degree-of-freedom. Each of the 
several parts begin to respond out of phase with the others 
and the motion of the (valve) end element becomes uncon= 
trolled. 

It is technically not possible, of course, to devise a cam 
of fixed profile able to control a system having more than 
a single degree-of-freedom. A careful evaluation of this 
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Fig. 93 — Engine design speed versus valve train research 
frequency for overhead valve (pushrod) engines 


RECENT DEVELOPMENTS IN CAM DESIGN 


phenomenon shows, however, that the command and re- 
sponse problem is related directly to the length and com- 
plexity of the valve train and is, incidentally therefore, the 
central reason for the superiority of the overhead-cam sys- 
tem over the pushrod engine design. From these consider- 
ations, it follows that command-response problems are an 
indirect function of the valve train resonant frequency. 
Engine Design Speed Chart for Overhead Valve Train Sys- 
tems - Based upon the foregoing valve train dynamics, 
single degree-of-freedom and command-response limita- 
tions, an empirical design chart showing engine design speed 
as a function of valve train resonant frequency is given (see 
Fig. 9) for overhead-valve engine systems of average auto- 
motive size. The chart is based upon the equation 


/ fn 

ESDSSe Se i 
m x 1073 () 
where, 


fy = valve train resonant frequency, cpm 
m = empirical constant, nominal value (2,2) and 
where 2,0 7m 72,5 


It is to be specifically noted that the nominal value (2, 2) 
of the constant (m) applies to systems of average length, 
complexity and weight—held in compression by low valve 
spring forces such that excessive bearing stresses do not occur 
at engine crank and idle speeds with materials and lubrica- 
tion in average production use. The range of values for (m) 
will then be from 

m = 2,0 for systems which are short, light andsimple; 

m = 2,2 nominal value, average; 

m = 2,5 for systems somewhat longer, heavier or more 
complex than average, 

In all systems, the engine design speeds can be increased 
from 10 to 20% by the use of high-load valve springs—but 
with the attendant bearing stress problems that such spring 
loads produce. 

Based on the engine speed design chart, an average valve 
train design having a single degree-of-freedom response and 
a resonant frequency of 40,000 cpm should be designed for 


an engine speed of 4300 rpm. The maximum overspeed with 


good valve control throughout the entire range of engine 
speeds should be 4700 rpm; that is, 0 to 110% design speed. 

Force-Stress Limits - In the valve train system, the forces 
are a function of. 

1. The equivalent mass-weight of the parts--inertia load 

2, The magnitude of the accelerations--inertia load 

3, Valve-spring loads 

The stresses (bearing) are a function of 

1. The interface materials properties. 

2, Type of surface lubrication. 

3. Size of contact area(force per unit area). 

4, Shape of contact area (force per unit area). 
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The cam profile design has a major influence on the ac- 
celeration and spring forces and also the bearing stress at the 
cam to tappet interface through control over the size and 
shape of that contact surface area, In particular, with the 
effective mass of the valve train system known, the inertia 
loads at the cam face may be determined from the accel- 
erations, The sum of the inertial and spring forces will de- 
termine the total force acting at the cam to tappet inter- 
face. By this means a plot can be made of the total load 
as a function of position along the cam profile and also as 
a function of engine speed, (This will be discussed more com 
pletely later in the paper.) The cam profile accelerations 
at any point also determine the cam face radius of curva- 
ture at that point. Based on these determinations and the 
fixed design characteristics of the system, the instantaneous 
bearing stress for all points along the cam profile can be de- 
termined as a function of engine speed. An arbitrary design 
stress limit can be chosen; normally, for materials and lu- 
brication properties in average production use. This will 
be at most about 150, 000 psi, (2) although this limit can 
be adjusted to fit the particular design circumstance. Now, 
finally, the quantitative cam design problem is to deter- 
mine that profile which maximizes the area under the valve 
lift curve by allowing the stress levels to approach very close- 
ly but not exceed fixed design stress limits, 

Design Limitations in Overhead-Cam Systems - Since 
overhead-cam engine systems have inherently very high 
valve train resonant frequency rates, this parameter is not 
a design limitation in the optimum cam profile design prob- 
lem. Thus, the original list of five interdependent quan- 
tities is reduced to four: 

1. Valve event length. % 

a, Nelle Shai 

3. Engine speed range (maximum fixed). 

4, Force-stress limits. 


Of these, any three may be fixed as design criteria with 
the fourth determined by the design solution. The normal 
cam design practice is to specify all four values, but it will 
be appreciated that if, for example, maximum engine speed 
and force-stress limits are fixed, the maximum available 
valve lift will increase as the valve event length becomes 
longer. For the optimum cam profile, thereforé, (asinover 
head-valve systems), it is recommended that a range of 
acceptable valve lift values be provided as a specification. 
The optimum solution will then seek the maximum valve 
lift (and valve-lift diagram area) available to the system 
within the specified tolerances. 

Cam Accuracy - The required accuracy necessary for 
the cam profile to obtain good valve train dynamics has been 
studied by others; the results given by Rothbart (3) have (es- 
sentially) been verified in our computer programmed vibra~ 
tional analysis studies. These results show that cam profile 
tolerances should be in the order of +0.00020 in. for point 
to point consecutive degree positions on the profile with the 
tolerance at 180 deg positions in the order of +0. 0020 in. , 
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although this latter tolerance is difficult to establish with 
certainty. The very close tolerances appear to be justified 
only on the opening and closing cam flanks in the areas of 
high positive acceleration, especially in the region provi- 
ded for valve train compression compensation. 

The accumulative effect of round-off error in the design 
computations is evaluated in terms of the foregoing manu- 
facturing tolerances, Our practice is to use eight signifi- 
cant digits with a cam profile specification of five signifi- 
cant figures. 

OPTIMUM DESIGN SPECIFICATIONS - A quantitative 
definition and specification for the design of an optimized 
cam profile evolves from a revised statement of the design 
objectives as follows: 

The “optimum” cam profile is that profile which pro- 
vides an accurate control of the valve dynamics over a spe- 
cified range of engine speeds, and which also maximizes 
the area under the valve lift diagram for a specified valve 
event length. This statement assumes that the engine speed 
range is chosen with due regard for the particular valve train 
length, complexity and natural resonant frequency; that the 
valve lift may be maximized based on the force-stress lim- 
its of the valve train system—or if preassigned, the valve 
lift is an attainable value within such limits. 

The quantitative specifications are given, as follows: 
Design Engine Performance and Selected Design Goals 

1. Desired general engine performance characteristics 

a, Maximum horsepower at engine rpm......... ( ) 

b. Maximum torque at engine rpm.--.++e.s+5- ( ) 

c. Engine idle rpm ....+-..eeeeeeeeees Sofonou ( ) 

2, Engine design speed—rpm 

a. Maximum normal operating speed........-. ( ) 

b. Maximum overspeed......... aval ole onetaveleteh arate . ie) 

3, Valve event length (timing)—degrees of crank angle 

Al, AWTS CVE onoodcouoonudonosuvocponoonoc: 


Dy gE XMAUSIESV EME rs stosfeleoheds oi clele sxonorcte cisteas scareceregen Ch) 
4, Valve lift at engine design speed Min. Nom. Max. 
Be! PINEAK Cay. soo's woreit ofa wiapete-eisreje oye 0s Cnn ayy Gem ohne) 
Digs EXWAUSt Se crore lateroin soto dtescinais ons + BP Sd Gaon 2 
5. Cam ramp design 

a OPeRING Lamp design. ty pey, iis sis.0.e:etejs)0 Sikes ahd Mat) 
ba G losing wamprdesicnityper, « «cl ecrecteteie siete aie) 
c. Design valve seating velocity 

Ci) mlintakeg sas cjere'Syesecswornters oaoherces shaLskoieFel ey susie lave! ciel toute Game) 
Cg XUAUSL slots 4, se scertvens.sereioa ree easter ee ttocers ekevesasetmell 
d. Mechanical valve lash 

(1) Intake (8) ENSine hots vote aware seks 


(b) cEng ines coldwin We aeeiascs 
(AI GENSINe NOt Taisen veisiievele « 
(bP Engineicoldy, ade aeadee acs 


(2) Exhaust 


a aE 
weer we HH 


Valve Train Characteristics and Design Limitations 

6, Section drawing of the valve train system and an en- 
gineering print of each valve train part. 

7. List and actual piece for every moving part in both 
intake and exhaust valve train systems for weights (correct 
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to four decimal places) and effective inertia calculations. 
Note any special conditions that may modify the weights 
on installation; that is, pushrod filled with oil, etc. 

8, Valve train spring rates—measured data, at least one 


. hysteresis loop for each valve in the engine, Data to be 


obtained in accord with recommended procedure (1). 

9, Valve train resonant frequency—measured data, at 
least one decay trace for each valve in the engine. Data 
to be obtained in accord with recommended procedure (Final 
section of this paper). 

10. Ratio of engine to camshaft speed........... ( ) 
11, Cam base circle radius 

a, Nomifval deston"valuiec se sa se piestenee sce ce rn ae 

b. Maximum cam clearance radius 

12. Cam to valve motion, rocker arm ratio 

a. Intake—nominal design value............02+ ( ) 


b. Exhaust==nomiunaledesion value. ers. i-1jeielcnetsnn Ga) a 


c. Measured data—valve lift given as a function of cam 
rotation. 
13, Tappet (make—kind) 
a. Mechanical—see valve lash data 
b. Hydraulic—give leak-down rate for given load and 
oil viscosity at temperature . 5... .cccescccccsecass ( J 
ce, Cam contact surface, spherical radius.......) (.) 
14, Design bearing stresses—maximum allowable 
a. Atrocker.arm to valve stem interface ....... ( 
bs At pushrod)to rOCKer avin rere cletrecrsiersrerteretrenmn 
Ce JAE PUSHTOC tOVLAD PEt araterstatere ateterciersr felsretelrelst aman 
d. At tappet to camm interlace myer crercisiricictere crore | 


An Extract from Polydyne Method of Cam Design 


This section of the paper discusses briefly, “The Poly- 
dyne Method of Cam Design,” as presented to the industry 
by Thompson Products, Inc, (4). The name “polydyne” is 
a neologism derived from " polynomial," the type of equa- 
tions used to solve the differential equations of the design 
method, and 'dynamics,* the general study of masses in mo- 
tion. Since a compensation in the cam acceleration profile 
for the dynamic deflections in the valve train is a major re- 
quirement to a successful cam design, and since also our 
work (Final section of this paper) has been based upon the 
“polydyne” equations, a review is necessary to an under- 
standing of the present paper. This section, then, by means 
of a flow chart, provides a general view—an overall per- 
spective of the mathematical steps involved in a polydyne 
solution, 


Nomenclature 


S.D.F. = single degree-of-freedom 

E.D.S. = enginewesigmispeed taiase emanate. Meta rpm 
N = camshaft designspecd@) Soe 1c 12 Guus. rpm 
fn = valve train resonant frequency ......... cpm 


Wt = actual weight of the valve train parts... 1b 
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We = effective weight of the valve train acting at 
WelViGr a ae st eteie ers DA 0 Do OG OUbDUOOO OOD GG lb 
We = effective weight of the valve train acting at 
ENOVG AI TS a ates ects cote San tes aes lb 
Ky = Valvetrain spring rate... 4 seni -..e6 sac Ib/in. 
ky = Walvye Sprimepates sits cesses cae «a6 1b/in. 
hy =a tamp Meight fs.%iase% stain ee oe anos, stk 
p = 1 + static deflection in valve train/y (x) 
or) = dynamic deflection in the valve train/y" (x) 
x = @/D—any particular position along the valve 
event, 0< x <1, 
\S) = part of event length measured from valve lift 
(ia) foward Tal oi. os caa gi atau Ss yes deg 
D = total event length from valve lift (max) 
UO! RENIN) .o.5.0:019 oie o-oic. nino GOLoicke Domne pi deg 
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mien a valve liftatma tl Fo. secede es ae ees Fike natal 
pe (Oe valve velocityat X= OC st. ree css 2 in/deg 
yie(O)r” =evalve acceleration atx =i0 220.0% 22. in/deg@ 
Yo(x) = equivalent cam lift at any point....... in 
yo(0) = equivalent cam lift atx=0........... in. 
96) = equivalent cam velocity at in/deg 
yo"(1) = equivalent cam accelerationat x = 1 in/deg 
Zo(X) = actual cam lift at any point........... in. 
FAAS) Yo/Ry 
Ry = rocker arm ratio (normally a constant, but may 


be variable) 
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yo(x) = py'(x)+ oy" (x) 
Yo (x) = py"(x) + oy%(x) 
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Fig. 10 — Polydyne method of cam design — flow chart 
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FLOW CHART (FIG, 10) DISCUSSION - First Level - The 
first box at the top left of Fig. 10 represents basic engine 
information necessary to fit a polydyne design to the indi- 
vidual valve train characteristics of a particular engine. To 
the right and center is a second box marked(S,D.F.). While 
not stated in precisely these terms in the original paper, the 
polydyne equations depend upon the validity of a reduction 
of the distributed mass valve train system to one having a 
single degree-of-freedom (see Figs. 4 and 5), Notice the 
lumped mass representing the end (valve) element of the 
valve train marked (we), the lumped mass representing the 
tappet end of the valve train (wc), the very stiff spring re- 
presenting the elastic characteristics of the valve train sys- 
tem (k,), and finally, the valve spring (k ) which holds the 
system in contact. The idealized system does not have a 
rocker arm to multiply the motion between the tappet and 
the valve; in the polydyne cam, this larger resulting cam 
displacement is called the equivalent camllift (yo) and in 
a later step, the actual cam lift (Zo) is found by dividing 
(yo) by the rocker arm ratio (Rj). To the right at the top 
level of the flow chart is a series of boxes, all of which re- 
present information gathering and processing steps. In our 
work, the valve train spring rates (Kg), the weight of the 
individual valve train parts (wy), and the ramps are designed 
about as suggested in the original text, 1 We have, how- 
ever, added a direct measurement of the valve train natural 
resonant frequency (fy). This measurement provides 

1, A direct check on the single degree-of-freedom vali¢ 
ity for the system. 

2. A direct calculation for (we), the equivalent weight 
of the valve train acting at the valve end. 

(The details of this latter step are given in the final part 
of this paper. ) 

Based on the measured value of (fp), the design speed of 
the engine can be found from the design chart given in the 
first part of this paper (Fig. 9), and the corresponding de- 
sign speed of the camshaft (N) can be determined. Notice 
that if at this point in the calculations, the design speed is 
lower than considered satisfactory, immediate steps can be 
taken to improve the stiffness-to-mass ratio of the valve 
train before continuing with the cam design. At the ex- 
treme right at the first level in the flow chart are shown the 
values of certain constants, These are calculated exactly 
as suggested in the original polydyne text. 

Second Level - At the second level in the flow chart 
on the left is given the basic polydyne (differential) equa- 
tion. It states that the equivalent cam lift (yo) at any local 
point along the valve event is equal to the sum of three 
terms: 

1, The ramp height (hy). 

2. Plus the (local) valve lift (y) multiplied by an allow- 
ance for the static deflection (p). 

3. Plus the (local) dynamic deflection in the valve train 
(by"). 


The derivation of this equation must be studied in the ori- 
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ginal text to be understood and fully appreciated, 

At the right on the second level are shown the first and 
second differentiations of the basic differential polydyne 
equation. These provide expressions for the equivalent cam 
velocity (yo'), and the equivalent cam acceleration (yo"). 
Notice that the equivalent cam velocity depends upon the 
valve velocity and also the valve time rate of change of ac- 
celeration called "jerk;" that the equivalent cam accelera- 
tion depends upon the valve acceleration (y") and also the 
valve time rate of change of jerk, (y'’''). Fimally, it is 
especially important to notice that the time factor in these 
equations is measured in terms of angular displacement (@) 
so that all the derivatives shown are taken with respect to 
(©) providing the dimensions of inches per degree for veloc- 
ity and inches per degree (2) for acceleration, etc. 

Third Level - At the third level in the flow chart on 
the left is shown the general polynomial equation for an as- 
sumed valve displacement (y) given as a function of an (x) 
displacement position. At this particular location on the 
flow chart, the mechanics of the cam profile solution is di- 
vided into two parts (although these are not necessarily equal 
parts). In the first operational sequence, the opening side 
of the cam profile is solved starting from the mid-position 
at valve maximum lift corresponding to (x= 0); i.e., [Ly 
(0)], and moving forward toward the juncture with the open- 
ing ramp at (x= 1); i.e., [y(1)]. In a second sequence, 
the closing side is solved starting again from the mid-po- 
sition [ y(0)] and moving rearward to the juncture with the 
closing ramp. The general polynomial equation has six 
terms which were cleverly contrived in the original work to 
be the least number necessary to satisfy the boundary con- 
ditions for any particular solution. The exponents p, q, r, 
and s are even positive integers such that 8 < p<q<r<s< 
50. The (C's) are constant coefficients so chosen that (y) 
and certain of its derivatives satisfy the prescribed boundary 
conditions at each end of the event. The restrictions on the 
exponents (p, q, r, s) have been evolved from experience, 
and while these restrictions may seem severe, there are more 
than 7300 permissible combinations of exponent values, A 
procedure is outlined in this paper to search this seemingly 
vast array for an optimal solution with a minimum number 
of trials, 

At the third level of the flow chart on the right is shown 
the first four differentiations of the general polynominal. No- 
tice that (in general form) these are the values of the valve 
lift derivatives required to solve (by direct substitution) the 
cam profile equations given at the second level. 

Fourth Level - At the fourth level in the flow chart on 
the left is shown the evaluation of the coefficients (C's) 
which satisfy the particular boundary values. Small differ- 
ences exist in the procedures involved between the opening 
side and closing side solution as shown in the chart at the 
fourth level to the right. 

Considering first the opening side at the point (x = 0), and 
considering also the shape and position of the desired valve 
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displacement, velocity and acceleration curves, the values 
for 


yO) = yO = yrs 0 


and hence, from the equations at the third level, 


yO) ee (3) 


An opening ramp had been designed as noted in the chart 
on the right at the first level. From this design, specific 
values for the equivalent cam displacement, velocity and 
acceleration are established at (x= 1). That is, 


Youht) = je 
eer Specific numerical values from the 
ve (1) = opening ramp design (4) 


It is also desired that the valve displacement, velocity 
and acceleration at (x = 1) be Zero, that is, 


y, 2). = Ray Sip ie) veeeeo (5) 


From the equations on the right at the second level, 


Yo (1) = hy 
yo (1) = ¢y'(1) [since y'(1)= 0, see above] 
yo. (1) = gy"""(1)_ [since y'"(1)= 0, see above] (6) 


Since by definition, 


ae 
es (7) 
and therefore, in general, 
A 2 Me I hh 2 
de" ~ pm qxn (8) 
hence, 
tal 
y (2) = Yo C) (py3 
¢ 
oe 1 
yay = 22) ys (9) 


Based upon the foregoing and by direct substitution into 
the equations at the third level, an array of five arithmetic 
linear equations for the evaluation of the coefficients can 
be written as follows 


C2+ Cpt Gauto Cr SG gauminet YC) ig alto) 


2655+ PCp dp qCq + tCy SC. = 0 (11) 
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2Co + p(p - 1)Cp + q(q - 1)Cqg t+ H(t - 1I)Cy + s(s - 1)C, = 0 
(12) 
P(P - 1)(p - 2)Cp + aq - 1)(q - 2)Cg + 


r(r - 1)(r - 2)Cy + 9(s - 1)(s - 2)Cg = are (D)? (13) 


0 
P(P - 1)(P - 2)(p - 3)Cp + Gq - 1)(q - 2)(q - 3)Cq + 
r(r - 1) (r- 2) (r- 3)Cp+s(s - 1) (s - 2) (s- 3)Cs = Yo'Q) (py4 
(14) 


Notice that in every case the right hand term of the fore- 
going set of equations is determinable from know properties 
of the ramp at (x = 1) and/or the main event at (x= 0). No 
tice also that based on a particular choice of exponents (p, 
qd, © and s), the five equations are linear inthe five unknowns 
Co, Cp, Cg, Cy; and Cs. The concluding step at this fourth 
levelis to choose values for the exponents and solve the fore- 
going array of linear equations for the corresponding par- 
ticular values of the coefficients. 

The closing event solution is handled somewhat differ- 
ently in that one additional boundary value must be added 
as (x = 0) as derived from the opening solution. Specific- 
ally, it is necessary that 


y’* (0) = the value found from the opening event solution 
= 2C9/(D)? (15) 


This added restriction reduces the array of five simul- 
taneous linear equations to an array having only four un- 
known coefficients—a problem which admits of no direct 
solution. The procedure used to overcome this difficulty 
is to consider y(0) as an unknown (even though, in point of 
fact, the value is known and must match the opening event). 
Then, for a given choice of exponents, the array of equa- 
tions is solved for the remaining unknown coefficients with, 
in particular, a value for y (0). In general, the value thus 
found will not match the required value from the opening 
event—whereupon, successive trial values of exponents must 
be chosen and the array of equations resolved until match- 
ing values for y (0) are found. We have defined a tolerance 
on the match at this point of y (0) of 0.00010 in. and the 
procedure is continued until some reasonable number of ex- 
ponent combinations are found which both satisfy the tol- 
erance, and also broadly cover the whole spectrum of pos- 
sible polydyne solutions. In a later step, and after the par- 
ticular solution is found which has been evaluated as the 
best of those available, the closing event is recalculated in 
the manner of an opening event. A perfect match for y(0) 
between the opening and closing events is thus assured. 

Fifth Level - At the fifth level of the flow diagram, a 
particular solution for either an opening event cam profile— 
or later, a closing event profile—is obtained. Based upon 
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a particular choice of exponents and the corresponding co- 
efficients calculated at the fourth level of the flow diagram, 
a direct substitution of values can be made in the array of 
polynomial equations at the right at the third level. Inturn, 
and for each desired value of (x) [in our work, each 1/2 deg 
position is solved for the length of the event], values for y, 
y', y’’, y'’*, and y"'"* are calculated. These numerical 
values are then substituted into the differential polydyne 
equations shown at the right at the second leve]. In this 
manner, the equivalent cam displacement, velocity and 
acceleration are calculated for each 1/2 deg position througl- 
out the event. Roughly 10, 000 arithmetic calculations are 
required to complete the fifth level information--with each 
arithmetic operation performed with a minimum of six nu- 
merical digits to obtain the required accuracy. 

Sixth Level - The sixth level ofthe flow diagram consists 
of the operations associated with particular solution evalua- 
tions. This subject is to be discussed fully later in this paper 
but, in general, these evaluations consists of a check for 
agreement with the required boundary conditions. Then by 
means of a graphed presentation of the equivalent cam ac- 
celeration profile, the behavior of this important parameter 
is observed, It is necessary that the slope of (yo'’) profile 
meet six €valuation criteria through the event. Maximum 
values for the loads, stresses, instantaneous radius of curva- 
ture, and eccentricity are observed in addition. It is most 
improbable that the first choice of exponents made at the 
third level of the flow chart will provide an optimum or even 
an acceptable solution at this sixth level. Whereupon, a 
new choice of exponents must be made and a new solution 
obtained starting again from the third level. This loop of 
flow chart operations between the third through sixth level 
is required until an optimum solution has been determined; 
the whole operation is then repeated (starting fromfthe third 
level) for the design of the closing event. 

The normal optimized opening event requires between 
10 and 15 trials followed by about five trials for the closing 
event solution, Taken altogether, roughly 150,000 to 
200,000 arithmetic calculations are required; by desk cal- 
culator methods, this would take about 75 man-months of 
applied effort. Obviously, electronic computer program- 
ming is necessary to make the procedure practical. With 
an IBM 650 computer suitably programmed, each solution 
is obtained in about 10 minutes; the optimized final solu- 
tion requires about 3 hr. With an IBM 704 computer, the 
whole operation may be accomplished in about 20 minutes 
of computer time. 


Modifications to Polydyne Cam Design 
Procedures with Computer Programming for 
Optimized Solutions 


The arithmetic task of the optimum cam design solution 
is prohibitively great without electronic computer methods 
and techniques. With the computer, tactical methods are 


READ IDENT. 
NO. & p,q,r,8 


COMPUTE 

& 
PUNCH IDENT. 
NO., E & K 


Fig. 11 — Subprogram | 
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Fig. 12 — Subprogram II 


COMPUTE 


Be Yor¥o %2,25,z0 


COMPUTE DESIRED 
SYNTHESIZED DATA 
SEE PART IIL,PG.39 


PRINT OUTPUT 
FOR LOCAL 
VALUE (x) 


NO DECISION 
is i<o? 
YES 


Fig. 13 — Subprogram III 


required to thread the way from a beginning to the final so- 
lution in a least number of successive exponent trials, Care- 
ful programming is necessary to minimize the run time and 
also retain solution accuracy. The program described below 
has been divided into three sub-program parts herein refer- 
red to as Subprograms (Subpg.) I, II and III. This separa- 
tion was deemed advisable during the development and in- 
vestigation for the methods of optimizing the solution. While 
the entire problem is presently being reprogrammed as a 
single code for the IBM 704, a discussion of the original 3- 
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part IBM 650 program is considered pedagogically more de- 
sirable. 

COMPUTER METHODS FOR CAM DESIGN - The Com- 
puter Program - The logical flow charts of these programs 
are shown in Figs, 11-13, The output of Subpg. I serves as 


' input to Subpg. II; the output of Subpg. II is used as input 


for Subpg. III. Each part is designed so as to solve serially 
the pertinent part of any number of problems, the process 
being repeated until the supply of input data is exhausted. 
The use of these programs for closing event design as oppos- 
ed to opening event design differs solely in the form of the 
input to Subpg. I and II. 

As previously shown, the values of the coefficients of the 
polynomial representation of valve lift are obtained by sol- 
ving a system of five simultaneous linear algebraic equa~ 
tions. This system of equations can be represented in ma- 
trix notation as 

Es Ger K (16) 
where (E) is a five by five matrix, and (c) and (k) are 
column vectors of length five. 

For the opening event design problem, (E) is 


hs 1 1 af 
2) p q r s 
2 p(p- 1) q(4335) gins . 
0 p(p-1)(p - 2) . . . 
0 p(ip-1)P-AaP-3). . . 


(C) is the solution vector whose components are CQ, Cp, 
Cg, Cy and Cs; while (k) is the column vector. 
“Y max 
0 
0 
D*yo' (1) ¢ 
D4 yo'(1) ¢ 
For the closing event design problem the matrix (E) is 
the same as for the opening event problem except the ele- 
ments of the first column are all zero except the first which 
is unchanged; i.e., one.. The components of (C) are Co, 
Cp, Cc q and C,, while (k) is the column vector. 
-M/2 
-M 
-M 
D8yg (L) ¢ 
D4yg (1) ¢ 
Where, 


a length of closing event 2 


length of opening event 


(Cg of the matching opening event) (17) 


and of course D, y,' (1), and Yo'' (1) pertain to the closing 
event, 


The input to Subpg. I consists of first, the components 
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of (k), followed by one card for each problem requested cor 
taining the values of p, q, r and s and a problem identifi- 
cation number, This program computes the elements of the 
matrix (E) and punches out a set of cards for each problem 
containing the identification number and the elements of 
(E) and (k). These output cards form the input to Subgp. II. 

Subpg. II solves the set of equations, Ec= k, for each 
problem. The method known as Crout's Reduction is used 
with some modification. This procedure is well adapted for 
machine computation, 

Let (M) be the augmented five by six matrix formed by 
adjoining (k) to the right of (E)so as to form a sixth column. 
Let the elements of (E) and (k) be denoted as (ejj) and (kj), 
respectively; (i) denoting the (ithy row and (j) the ¢jthy col- 
umn; i.e., (M) is 


e51 e€52 5 : €55 k5 


Crout’s Reduction consists of computing a new five by six 
matrix, (M'), as follows. The elements of the first column 
of (M") are the same as those of (M). The remaining ele- 
ments of the first row, i.e. , those to the right of the first 
element are formed by dividing the corresponding element 
of (M) by (e11). Next, the following procedure is repeated, 
in turn, foreach 1= 2, 3, 4, 5. Thus, 


ipece al 
. = . ’ Cee 
Tana iiiaeee ay CoinicenjdGa oy we 
n=1 
1 i-1 } é 
a ca cies > ein nj G< 7p) CY 
J n=1 
1 i-1 
te oo ie ee eae eee) (20) 
n=1 


Finally the solution vector, (c), is obtained as follows: 


ch = R's (21) 
and 
i) 
Ca ke > ein Cp (22) 
n=i+1 


where for clarity we denote the (ith) element of (c) as (cj). 

These calculations, as almost all performed by the com- 
puter, retain eight significant digit accuracy. To insure 
that round-off error (the error introduced by rounding inter-~ 
mediate results to eight digits) is minimized, a modifica- 
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tion of the above procedure has been employed. If at any 
stage of the reduction, the diagonal element [i.e., (e'jj) 
for the current value of (i)] is significantly smaller than any 
of the elements which lie to its right in the same row, the 
round-off error is apt to be excessive. Hence, before be- 
ginning each stage of the reduction, the program is designed 
to check for this condition. If the current row is ill-con- 
ditioned, this row is interchanged with some lowerrow which 
is not. 

The output of Subpg. II for each problem consists of a 
single card containing an identification number and the val- 
ues of the coefficients, This card together with one more 
containing the values of the exponents p, qd, r and s form 
the input to Subpg. III for each problem. 

When these codes are used to design the closing event, 
the output of Subpg. II contains, in particular, the value 
of the maximum lift achieved by a particular selection of 
values for p, q, r and s uch that the value of y'*(0) matches 
that of the opening event. The strategy employed by the 
designer is to discover those combinations of values of p, q, 
r and s for which the maximum lift obtained is sufficiently 
close to the maximum lift specified in the opening event. 
Hence, Subpgs. I and II are repeated until such combina- 
tions are found. Subpg. III is then performed for these com- 
binations so that a final choice may be made based on the 
dynamic performance of such cams. 

The on-line printer attached to the IBM 650 is set up to 
print ten numbers per line. For this reason, Subpg. III has 
been programmed so that in addition to (x), nine parame- 
ters may be selected as output. (See next discussion.) After 
this selection has been made, the designer prepares several 
additional input cards which contain the values of each of 
the design parameters. These cards are read first by Subpg. 
Ill. Following this, Subpg. III reads the two input cards de- 
scribing the first problem to be solved. 

At this point the code computes the area under the valve 
lift curve and prints out this value together with the input 
data. Following this, the code computes and prints out for 
successive values of (x), corresponding to each 1/2 deg po- 
sition in the event, the value of each of the nine preselect- 
ed parameters, 

To obtain these values, for any particular (x), the code 
must first compute the value of (y) and its first four deriva- 
tives, The evaluation of these functions involves the com- 
putation of several terms involving (x) raised to some large 
power. To minimize the computer running time, special 
purpose algorithms are constructed at this point for the spe- 
cific values of p, q, r and s selected. 

Next a counter is reset to 2D + 1, the total number of 
(x) values to be considered; then (x) is reset to zero and the 
computation begins, 

Following the evaluation of the required powers of (x), 
the values of (y) and its derivatives are obtained. Then yo, 
Yor Yo" and z,, and zZ,", Z'' are computed. At this point 
all of the information necessary to compute the synthetic 
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output parameters has been derived. These parameters are 
now computed and printed out. 

Now the value of (x) is increased an amount (dx) corre- 
sponding to 1/2 deg, and the above mentioned counter is 
reduced by one, If the new setting of the counter is nega- 
tive, then all values of (x) to be computed have been ob- 
tained and the program reads the input data for the next 
problem. If the counter is non-negative, the program is 
instructed to reenter the calculation at the point labeled (E) 
in the flow sheet shown in Fig. 13, and the computations 
continue until all the machine instructions have been com- 
pleted. 

During the print out of the parameters representing any 
particular solution, the designer will apply the evaluation 
criteria to that solution and elect at any point to continue, 
or to modify the input data, or to discontinue any further 
work based on an achievement of the desired problem ob- 
jectives. 

Computer Output - Any nine parameters may be se- 
lected for output from the on-line printer attached to the 
IBM from among the following: 

Basic Machine Data 


1. y= valve, lift (displacement) in. 
2. y' = valve, velocity in, /deg 
*3. y'' = valve, acceleration in, /deg2 
4, y'*' = valve, jerk in. /deg® 
5. y'''' = valve, jerk rate of change in, /deg# 
6. Yo = equivalent cam, lift (displacement) in. 
Ty ys SCequivalent'cam, velocity |.45., 20.29) fins /deg 
*8. yo = equivalent cam, acceleration.,..., in. /deg@ 
Synthesized Data 
POeize = “yo/Ry ="actual Camlift 222, See, 8 moO: 


10. z> = yo/R1 = actual cam velocity....... in. lig: 
11. zg = yo'/R1= actual cam acceleration... in. /deg 
*12. Ro = Rp + Zo + 328324" = cam face instantaneous 


FSGUIS OT CUIVALUIE ee. cece ces cee ers ills 
PEO ITO 1. Oy —SCCCCNEICILY castes cdsthecee ills 
*14, S = (preload) + ky = spring load at valve lb 


*15. Ly = inertia load of the valve train acting at the 
valve at 115% design speed 
= Os 123weN? y+ 0, 123we"z2")/Ry WIR 1b 
inertia 1oad of the valve train plus the valve 
spring load acting at the cam face at 115% de- 
sign speed 
= 0,123weN2z" + R1(0.123weN“y" +S)... 
*17. Sb = (Zo + Rb + e€)/57.3= scrub velocity (tappet to 
CAM LACE)". wes slate Ceaeene eee Ne Cee 
18. Ry, = constant or variable 


*16. Le 


Of the foregoing, parameters marked * are normally print 
ed in the initial run and used for the solution evaluation. 
The remaining parameters are printed later to complete the 
data for only the final selected solutions. The new code for 
the IBM 704 provides, in addition, a calculation for the 
Hertz stress at the cam to tappet interface. Typical com- 
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Fig. 14 — Typical computer print-out for cam design solution 


puter run print-out solutions are shown in Figs, 14 and 15. 

The parameter (Rj), the rocker arm ratio, is normally 
treated as a constant, but caution is advised since this may 
not be valid with certain valve train geometries. Where the 
variation in (Rj) with (y) produces a difference greater than 
(+0. 00005) at the cam, an equation giving 


=nif €y} (23) 


is determined for the particular geometry of the valve train 
system and applied as a variable (Ri) to the calculations, 
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VALVE LIFT DIAGRAM 
INTEGRATED AREA 


NINE COLUMNS OF INFORMATION 
FOR (x) @ EACH 4° 


PROBLEM 
IDENT. NO. 


6238762050- 3069097051 4926956251- 31179499469- 


3416400005 1992668150 12 


3448522847- 2635190050 1538721551 7668933052 6003037852- 1300000053 2127657950 


8064516148 3448522647- 1047175252 1176077994- 3120163355 32831488640 4356536166- 2786869097- 1115675252 
1612903249 3446522847- 2634097550 15386705151 12841990469- 76862774052 8003092252- 1299610553 2126287250 


2419354849 3448522847- 2632732050 1538664551 1926324349- 7675075052 6003160652- 1299123653 2124823450 


32258606449 3468522847- 2630820250 1536655751 25684860449- 7664295052 8003256252- 1298441953 2122773550 
4032258049 34486522847- 2628362150 1536616651 3210677949- 7650436052 8003379352- 1297565553 2120136450 


48386709649 3448522847- 2625357650 1536573351 3852927049- 7633499052 8003529752- 1296494353 2116917150 


5645161249 3448522847- 2621806650 1536519851 4495238049- 7613483052 8003707452- 1295228453 2113110050 
6451612849 3448522747- 2617708850 1536456151 5137620649- 7590391052 6003912252- 1293767753 21086717250 


7258064449 3448522547- 2613064450 15363686151 5780086149- 7564222052 8004144552- 1292112353 2103738650 


8064516049 3448522147- 2607873050 1536309951 6422644249- 7534976052 8004404052- 1290262153 2098174050 
6670967649 3446521447- 2602134750 1538223451 7065305549- 7502654052 8004690852- 1268217153 2092022750 


9677419249 3448520047- 2595849050 1536126651 7708080349- 7467261052 8005006152- 1285977453 2085287850 


1048387150 3448517247- 2589015950 15386025951 6350976149- 7428796052 8005343552- 1283542953 2077967950 
1129032350 3448513047— 2581635250 1537914751 6994010949- 7387260052 8005709952- 12860913753 2070064550 


1209677550 3448505647- 2573706550 1537795351 9637185949- 7342659052 8006100752- 1278089753 2061579950 


1290322750 3448494247- 2565229650 1537667751 1026051450- 7294993052 8006515652- 1275070953 2052516850 
1370967950 3448476247—- 2556204350 1537531951 1092400650- 7244269052 8006952052- 1271857453 20428679650 


1451613150 344844964T- 2546630350 1537387851 1156766850- 7190489052 8007409052- 1268449153 2032671550 


1532258350 3448410247-. 2536507350 1537235551 1221151150- 7133663052 8007861952- 1264846153 2021903150 


1612903550 3448353247- 2525834850 1537075051 1285$54150- 7073800052 8006366152- 1261048353 2010583650 


(X) (yg) (Z,) @e) (e) (L,) (L,) (S) (R,) 
CR) 


Fig. 15 — Detail of computer print-out for cam design solution 


Solution Evaluation - Particular solutions are evaluated 
by means of the following criteria with successive exponent 
trials and boundary value changes (i.e., valve lift) until 
an optimum solution as previously defined has been obtained. 

1, The numerical values for the particular solution boun- 
dary conditions are compared with the design values as a 
final check against the proper operation of the machine pro- 
gram. 


ACCELERATION Yo(X)— IN /0EG* 


2. Then the print-out area under the valve-lift diagram 
is noted—to achieve in successive solutions a maximum 
value. 

3, Next the equivalent cam acceleration diagram (yo') 
is plotted (during the print-out operation) and will have the 
general form shown in Fig. 16, 

a. The form should be such that at (A) the acceleration 
diagram provides a continuous ramp juncture as shown in 


OPENING VALVE EVENT 


Fig. 16 — Ideal cam acceleration diagram 


b. The first maximum point marked (B) should not be 


Fig. 17. A frequent fault is a sharp drop as shown in the 
figure by the dotted line. It shouldbe appreciated that while 
the magnitude of the acceleration is proportional to the force 
applied to the valve train system, the slope of the acceler~ 
ation diagram is proportional to the rate at which the force 
is applied. Any sharp application of force is equivalent to 
a hammer blow and is to be avoided especially at the be- 
ginning of the valve event. For this reason discontinuities 
in the acceleration diagram are avoided and special pre- 
cautions are taken in the opening ramp design, as well as 
the ram p to main event juncture, to accomplish this result. 


higher than that shown at (D) and preferably should be some- 
what lower, a frequent fault will show (B) higher (often very 
much higher) than (D). 

c. The valve train compression compensation dip shown 
at (C) should not be permitted to become negative as this 
would correspond with a zero inertial loading of the valve 
train. 

d. The second maximum point shown at (B) corresponds 
with the maximum positive acceleration at the cam face 
and is used in the evaluation as a general guide to limit the 
surface stress, The actual maximum cam face surface stress 
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w(x) — IN/DEG™ 


ACCELERATION Y, 


—_— — 
RAMP OPENING VALVE EVENT 


Fig. 17 — Typica] faults cam acceleration diagram 


will be found on later analysis to occur between points (C) 
and (D) with maximum engine speed, or near (F) for engine 
crank and idle speeds. 

e. The width of the positive acceleration pusle (AE) 
should be about equal to (but not less than) the length of one 
cycle (the period) of the valve train resonant frequency (5). 
This assures a positive compression loading through the valve 
train rebound, which appears to be particularly helpful at 
engine speeds just below and, again, above design speed. 

f. The form of the cam acceleration diagram should de- 
crease from (E) to (G) gradually, a common fault is shown 
in the figure by the dotted line where in the region of (F) 
the diagram has a lesser value than at (G). The region (F) 
is the most critical for the dependence of the valve train 
upon the valve spring to maintain compression; a dip at this 
point in the diagram requires a higher valve spring load than 
would be otherwise necessary. It also happens that in this 
same region, the cam face instantaneous radius of curvature 
(Rc) will be a minimum and excessive valve spring loads 
must be avoided to control the cam face bearing stress at 
engine crank and idle speeds. 

g. The maximum negative value of (y4') shown at (G) 
will normally be about 1/3 the maximum positive value 
shown at (D). Of course, the area under the positive por- 
tion of the diagram must be exactly equal to the area under 
negative portion of the diagram, but this is automatically 
taken care of by the original boundary conditions in the ma- 
chine program. 

4, The inertial load of the valve train at the valve (Ly) 
is computed for 115% engine design speed. Since the in- 
ertial loads are proportional to the square of the engine speed, 
this inertial load will be 32% greater than at design speed, 
In a later step, it will be shown that the valve spring loads 
must be carefully matched to the dynamics of the cam ac- 
celeration profile. At this stage, however, the machine 
will be printing values for the loads produced by an assumed 
valve spring. The evaluation at this point will be to com- 
pare the spring load against the inertia loads to see that such 
loads are at least nearly in agreement in the region of (F) 
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on the diagram. 

5, The inertia load of the valve train at the valve face 
(L,) has also been computed for 115% engine design speed. 
These values with the corresponding values of the instan- 
taneous radius of curvature (R,) provide the data required 


’ to find the cam face surface bearing stress. The (yg') max- 


imum accleration value shown at (D) is adjusted to be just 
less than the load required to produce the allowable limiting 
surface stress in the critical region between (C) and (D). or 
alternately, to control the acceleration magnitudes in the 
region of (F) which will be critical with the valve spring load 
at engine crank and idle speeds, 

6. The eccentricity (e) is checked to be less than the 
maximum allowable value as shown by the cam design spe~ 
cifications. Any necessary changes are normally made to 
the tappet diameter, although the eccentricity can be de- 
creased by a reduction in the cam face velocity, which, in 
turn, will be reduced with lower values of cam acceleration. 

Exponent Manipulation - Recall the form of the general 
polynomial equation 
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wherein the exponents p, q, r and s may have values such 
that 8<p<q<r<s<50, The task is to choose (in the 
least number of trials and with a given set of problem boun- 
dary values) that compination of exponents which satisfy the 
evaluation criteria, For optimizing the valve lift, a first 
solution is obtained with the minimum acceptable value of 
valve lift. Then, with these exponents known, the valve 
lift boundary value is increased in discrete steps with modi- 
fications to the exponents as required until the limiting (op 
timum) value has been found. 

The exponent investigation begins by evaluating an array 
of solutions which cover in large steps the whole spectrum 
of possible polydne solutions. The choice of exponents is 
mapped as shown in Fig. 18. The resulting general effect 
of such solutions on the valve acceleration diagram is shown 
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Fig. 18 — First exponent mapping 
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in Ref, (1). 

The equivalent cam acceleration diagrams Ly,’ (x)] may 
also be drawn, The forms will depend upon the boundary 
values for the particular problem, but it will be found that 
some adjacent solutions will approximately bracket the de- 
sired result. 

A second possible exponent mapping is shown in Fig. 19. 

Study of the trends in the solutions associated with each 
of these exponent mappings provides the following guide to 
exponent selection: 

1. The magnitude (or height) of the positive accelera- 
tion pulse increases with higher valued exponents, in par- 
ticular exponents (r) and (s). 

2. The width of the positive acceleration pulse increases 
with lower valued exponents, in particular exponents (p) and 
(q). 

Therefore, having bracketed a desired solution with an 
exponent array as in Fig. 18, local control of the accelera- 
tion diagram form is obtained by exponent distribution ac- 
celeration diagram form is obtained by exponent distribution 
according to the guiderulesabove. A typical successive so- 
lution network taken from a recent cam design problem is 
given below. The pattern was fixed in advance of the com- 
puter run and decisions on the direction to be taken on each 
branch made as the solution results progressed. 
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It will be appreciated that with respect to the problem of 
exponent choice and manipulation there is a certain facility 
which may be gained only through experience. Such ex- 
perience, however, will serve mainly to decrease the num- 
ber of trials necessary to obtain a desired result. 

Summarizing at this point, it can be stated that 

1, The arithmetic task of the optimized cam design so- 
lution is sufficiently great that computer methods are-a prac- 
tical necessity. 

2. The properly designed computer program must 

a. Minimize the individual problem solution run time. 

b. Maintain problem accuracy. 

c. Allow an operational flexibility such that the designer 
may move quickly along the main theme toward the prob- 
lem objectives. His task will then consist of trial choices 
for exponents with boundary conditions evaluated in terms 
of the effect upon the problem limitations; namely, valve 
train dynamics and bearing stresses, 
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3. The optimized problem solution is found by seeking 
first the correct combination of exponents for the given boun- 
dary conditions which include the minimum acceptable val- 
ue for valve lift. In successive steps the valve lift is gradu- 
ally increased with exponent modifications as required until 
the specified problem limitations have been reached, 

RESONANT FREQUENCY MEASUREMENTS ~- For reasons 
discussed earlier in this paper, a resonant frequency mea- 
surement for each valve train in an overhead-valve type en- 
gine is most desirable before starting cam design computa- 
tions. Such measurements secure the following: 

1, A test for the validity of the single degree-of-free- 
dom assumption necessary to the basic requirements of the 
differential equations used in cam design. 

2. A test for the uniformity of vibrational response char- 
acteristics in a set of valve trains for a given engine. 

3. A basis for fixing the maximum allowable design 
speed in overhead valve type engines. 

4, A direct calculation for the valve train equivalent 
weight (We) acting at the (valve) end element. 

One of several possible physical arrangements for making 
such measurements is shown in Ref. (6). Briefly, the per- 
manent magnet element of a small and lightweight linear 
velocity transducer is firmly attached to the valve stem with 
the shielded cylindrical coil assembly rigidly attached to 
some non-moving part and in proper position relative to the 
magnet above the valve. The cam is rotated to a position 
which lifts the valve free from the valve seat; the valve train 
is then unrestrained at the (valve) end element. The valve 
is caused to vibrate by a light, sharp tap applied to the valve 
in line with, and in the direction of the valve stem. The 
electrical linear velocity signal generated in the transducer 
by the vibratory motion is fed into a differentiating circuit 
which then provides an electrical signal proportional to the 
valve accelerations, This signal, in turn, is fed to some 
type of recorder. For the recorder, an oscilloscope with a 
camera attachment or a moving paper type instrument may 
be used. In either recorder, a trace showing acceleration 
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Fig. 19 — Second exponent mapping 
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amplitude versus time is obtained. For the proposed cam 
design, at least one good trace for each valve train in the 
engine is required. The recorded trace should appear about 
as shown in Fig. 20. 

The test for the validity of the single degree-of-freedom 
assumption is made by observing the smooth sinusoidal shape 
for the trace, The frequency in cycles per minute is found 
from the time for one cycle, or better, from the average 
time per cycle measured over a number of cycles, The di- 
rect calculation for the valve train equivalent weight acting 
at the valve (We) is obtained from the equation 7 


1 iz 
of os 


ky = the valve train spring rate (1b/in.) as measured 


iT] 


We 


in a previous step 
f, = valve train resonant frequency (cpm) 


THE VALVE SPRING DESIGN RELATED TO CAM PROFILE 
DYNAMICS - The single most important fact about the 
valve spring as related to the cam profile is that both are 
integral, interdependent designs; the valve spring design and 
the cam design should be a matched pair. The valve spring 
design should begin from those considerations which give di- 
mensions to the cylindrical space provided in the valve train 
for the spring. Since starting from this point would involve 
a considerable discussion length, it is planned for another 
paper. These paragraphs on the valve spring design are com 
cerned with only that part of the problem which affects di- 
rectly the cam profile dynamics, 

At the inception of the cam design problem, the design- 
er found it neces ry to assume (sse Ref. 1) a valve spring 
preload and spring rate. At this later time, the cam design 
will have been substantially completed; and the present task 
is to choose the valve spring characteristics which particu- 
larly match the requirements of the valve train system and 
cam profile dynamics. As a starting point, the designer will 
know the particular dimensions of the cylindrical space pro- 
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Fig. 20 — Valve train resonant frequency measurement 
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vided for the spring. Also, he will have determined a value 
for the valve lift and will know the dynamic characteristics 
of the new cam profile. 


Factors for a Good Valve Spring Performance - A valve 


_ spring design is to be found such that 


1. The spring will have good dynamics free from surge 
and coil clash, will follow the valve motion throughout the 
engine speed range, and will continue to do so for the ex- 
pected engine life. The spring will resist any tendency to 
lose loads during operation, particularly as this may be caus- 
ed by excessive heat or stress. 

2. The spring loads and rates will match the cam dy- 
namics such that valve train compression will be maintained 
at the highest engine operating speed without causing ex- 
cessive bearing stresses at the cam to tappet interface during 
engine crank and idle speeds. 

Valve Spring Loads and Rates Matched to Cam Profile 
Dynamics - The match of the valve spring final design 
loads and rates to the particular requirements of a givencam 
profile dynamics is accomplished in three graphical steps, 
as shown in Fig. 21. 

1, The computer output parameter (Ly) is plotted forthe 
region of negative cam profile acceleration. Recall that 
(Ly) is given in pounds and is the inertia load at the valve 
for the valve train at 115% engine design speed. The final 
design valve spring forces at the valve (S) must be just larg- 
er than (Lv) for all values of (x); that is S > Ly for0 <x <1. 

2. A-second parameter (Ls) is plotted for the same region 
of the cam profile. (L,) is the load in pounds applied to the 
valve train at the valve end required to produce the limiting 
(prescribed ) value of bearing stress at the cam to tappet in- 
terface; this load will vary along the profile with (Rc). The 
final design spring forces must be just less than (Ls) for all 
values of (x); i.e., S <Lg for 0 <x<l. 

3. Consider the plotted values of (Ly) and (Ls) in Fig. 
21. Based on a controlled (dynamics) cam design profile, 
there will be a carefully designed gap (space )between these 
two curves. The desired spring loads and rates can be chosen 
such that (S) will be somewhat greater than (Ly) but less than 
(Ls); i,e., Ly< S<Lg for 0< x <1, 
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Fig. 21 — Valve spring load and rate design 
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Two areas of the cam profile are subject to the limiting 
bearing stress criteria. The first of these is located between 
(C) and (D) shown in Fig. 17 and is associated with the max- 
imum allowable positive cam accelerations in the cam pro- 
file. The evaluation involves the parameters (Ly) and an 
assumed (S) as previously discussed. This point is relatively 
insensitive to small changes in spring loads by reason of the 
large radius of curvature (Rc) in this region of the profile. 
The second critical stress bearing area is in the region of 
(F), Fig. 17, and also * Fig. 21; this location is highly sen- 
sitive to small changes in the spring design load due to min- 
imum values of (Rc). Ideally, the bearing stresses would 
be limited to about 150, 000 psi at both locations. Since, 
however, the stress limitation in the area of (F) occurs only 
at engine start and idle, the stress levels at this location can 
be raised somewhat where the engine is designed to operate 
at speed for most of the working life. 

Equations and Experience Factors for a Good Valve Spring 
Design - After the valve spring maximum loads (P) and 
spring rates (k;) have been fixed in accord with the proce- 
dures outlined above, a good spring design performance can 
be achieved by means of the equations® and experience fac 
tors given as follows: 

Equations 

1. Relationship of spring rate (kj) to wire diameter (d), 
mean spring diameter (D) and active coils (N). 


4 
i G = Torsional Modulus (25) 


ky = gp3N 


= 11.5 x 10° for steel spring wire 


2. Relationship of load (P) to stress (S), wire diameter 
and mean diameter, (K) Wahl correction factor: 


Stee ee (RK) (26) 


3, Relationship of spring natural frequency (f;) to wire 
diameter, mean diameter and active coils: 


_ 826,500 d 


spe D 


Experience F actors 

1, The spring should have a height to outside diameter 
ratio of between 13:1 and 1:1. This is necessarv to reduce 
the side thrust of the valve on the guide by allowing the 
spring to become square under load. 

2. The difference between the spring solid height and 
valve open height should be atleast 1/2awire diameter to 
avoid coil clash and noisy operation. 

3. It is best to design springs ending on the 1/4 to 3/4 
coil. This factor also tends to give a spring which is more 
square under load. 
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4, Allow one dead coil at each end of the spring for squar 
ing the spring ends, 
Based on the foregoing, 


Spring valve open height = (N + 24)d (28) 
where, 


N 15 2g) Be =< =etes 
Spring outside diameter = (D + d) 


5. The limiting valve open wire stress should be about 
95000 psi. This will insure an infinite life and reduce the 
tendency to lose load during operation. 

6, The choice of spring materials is based primarily up- 
on maximum operating temperature conditions, 

7. The natural resonant frequency of the spring (fs = 
cpm) should be designed to be at least 13 times the maxi- 
mum camshaft speed, 

8. The ideal ratio of spring mean diameter (D) to wire 
diameter (d) is between 7 and 8. This leads to a "Wahl1Cor 
rection Factor" (K) of 1.19. (K) is used in all spring design 
stress calculations to include the additional stress caused by 
the curvature of the wire and shear load. ! 

The simultaneous solution of the spring design equations 
can be achieved in a series of ordered steps for the condi- 
tions imposed by the experience factors and the requirements 
of the cam profile. This solution yields an optimum match 
between the valve spring and cam profile design. 

Special Valve Spring Design Devices and Techniques - 
The valve spring design derived by means of the foregoing 
analysis will have constant pitch coils and will be a constant 
rate spring of very high natural frequency. The design de- 
pends, in part, upon having selected the proper cylindrical 
space for the spring in the original engine design layout work. 
Where these space dimensions are only modestly different 
from optimum, certain devices in the spring design can be 
used, 


1, Dual inner and outer springs—By distributing the re- 
quired load between two springs, somewhat less volume is 
needed for a given spring performance, Also, in the event 
of a spring failure, extensive engine damage is avoided. 
The disadvantage is that, in general, neither spring will 
have optimum frequency characteristics, 

2, Variable pitch, "basketed coil,” valve springs where- 
in the space between the active coils is graduated produce 
a variable rate and resonant frequency—also, variable di- 
ameter wherein a taper in the outside diameter of the coils 
is used to produce a spring of variable rate and resonant fre- 
quency. 

3. Mechanical friction dampers—The usual design con- 
sists of helically coiled spring strips forced into the inside 
diameter of the spring. 


In general, these devices are employed to overcome cer- 
tain deficiencies in the overall valve train design usually 
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brought about by either a valve train natural resonant fre- 
quency which is too low for the desired maximum engine 
operating speeds or a mismatch between the cam profile and 
valve spring designs. 

THE PHOTOMETRIC ANALYSIS OF VALVE MOTIONS - 
The photometric analysis of the valve motion is a means for 
determining with reasonable accuracy the dynamic perform- 
ance of the dam profile in terms of the control actually ob- 
tained over the valve displacement, velocity and accelera- 
tion through the range of engine speeds, The analysis con- 
sists of two parts: 

1, By means of high-speed motion pictures, data istaken 
so that the valve-lift diagram is defined for each engine 
speed of interest to the analysis. 

2. The data is processed—again, by means of a special 
computer program—with a valve acceleration diagram as 
the final result. This diagram may then be compared di- 
rectly with the original cam design data, 

It may also be of interest that the same special computer 
program is used to determine the acceleration profile of the 
prototype master cam as manufactured from the design draw- 
ings and may also be used to analyze the acceleration pro- 
file of any arbitrary cam of interest. 

Cinemaphotographic Data Recording - The high-speed 
photographic recording is done with standard Wollensak Fas- 
tax 16 mm high-speed equipment. Normally, telephoto 
lenses mounted on extension tubes are used to secure max- 
imum image size at the film plane. By proper coordina- 
tion of the many photographic factors involved, resolution 
limits in the order of 60 lines per millimeter are obtained. 
The camera is mounted in such a way as to view the valve 
stem to rocker arm interface; the finish grind marks on the 
valve stem can frequently be distinguished in pictures taken 
with the engine running at 5000 rpm and the camera nomi- 
nal framing rate fixed at 5000 frames per sec, The object 
to image ratio is nearly 1:1 and with this image projected 
on a screen with a projection size of 3 x 4 ft, the overall 
accuracy of the data is such that valve displacements are 
determined within a tolerance of +0.0010 in. A frame by 
frame measurement of the valve motion obtains a table of 
values which define the valve displacement diagram. 

Data Processing - The data processing technique is to 
consider any three consecutive points on the valve-lift dia- 
gram (or cam-lift profile diagram) and fit a curve described 
by a second degree equation through these points. Consid- 
ering next the region of the curve near the midpoint of this 
original set, the local area of the equation may be differen- 
tiated once for velocity and, again, for the acceleration. 
In a continuing step, the set of three points are advanced 
one interval, and the process repeated. By means of curve 
fitting, the true displacement velocity and acceleration dia- 
grams are approximated much more closely than is the case 
with straight-line averaging. It will be recalled that in this 
latter (usual practice) technique, point-to-point difference 
provide average velocities over each interval and plotted, 
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give the velocity profile. In a second step, differences be- 
tween consecutive points in the velocity profile are found. 
These differences provide an acceleration curve wherein the 
averaging effects have been compounded, This method, 


therefore, is relatively inaccurate and insensitive to small 


changes in the true acceleration profile. 


In the curve fitting technique for data processing, the 
arithmetic task is relatively great. Therefore, a computer 
program has been designed which is able to read the con- 
secutive valve-lift diagram points from a table of values, 
process the data by curve fitting, and provide accurate and 
sensitive values for the corresponding velocity and acceler- 
ation profiles. The whole task is completed in a few min- 
utes of computer run time. 


Summary and Conclusions 


A Statement of the Cam Design Problem 


1. Recent analytical methods for the design of the cam 
profile as related to the control of valve train dynamics are 
extended in this paper to obtain optimum engine breathing 
with also a control over the cam face bearing stresses. 

2. The engine is in all respects to be regarded as an 
elastic system. The cam design goals are a function of the 
gas dynamics of the system which specify valve event (and 
timing), valve lift and range of engine operating speeds, 
The cam design limitations are a function of the valve train 
dynamics limits and systems force-stress limits. 

3, The analytical procedures for cam design (herein de- 
scribed) seek an “optimum” design solution through a series 
of carefully ordered steps. The optimum cam profile is de- 
fined as that profile which provides an accurate control of 
the valve dynamics over a specified range of engine oper- 
ating speeds, and which also maximizes the area under the 
valve lift diagram for a specified valve event length. 

4, The major cam design parameters are shown to be 
five in number: valve event length, valve lift, engine speed 
range, valve train resonant frequency and force-stress limits; 
of which only three may be chosen independently. 

5. In overhead valve (pushrod) engines the optimum pro- 
file may be derived if the engine speed is fixed as a function 
of the valve train resonant frequency (a design chart isgiven), 
the valve event length and force-stress limits are arbitrarily 
specified and the valve lift is maximized as part of the cam 
design solution. 

6. In overhead cam (non-pushrod) engines, the valve 
train resonant frequency does not directly define the engine 
speeds and, therefore, the engine speed may be chosen based 
on gas dynamics considerations, In this manner, the five in- 
terdependent variables are reduced to three as before, with 
the problem solution obtained as in pushrod engine design 
procedures, 

1. The first part of the paper concludes with a quanti- 
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tative definition for an optimum cam profile with a cam de- 
sign specification chart. 


An Extract from the Polydyne Method of Cam Design 


1, This section, by means of a flow chart, provides a 
general view - an overall perspective of the mathematical 
steps involved in a polydyne solution. 

2, It is stated that in an optimized cam design solution 
about 150,000 to 200, 000 arithmetic calculations are re- 
quired; by desk calculator methods these would take about 
75 man months, It is thus concluded that electronic com- 
puter programming is necessary. The IBM 650 computer re- 
quires 3 hr; the IBM 704 computer, about 20 minutes run 
time to obtain an optimized cam design solution. 


Modifications fothé*Folydyne.C.am Design Procedures with 
a ee Ope woolunou: 

1. It is stated that with electronic computer techniques, 
tactical methods are required to thread the way from a be- 
ginning to a final solution in a least number of trials. Care- 
ful programming is necessary to minimize run time and also 
retain solution accuracy, 

2, The main elements of the IBM 650 computer program 
and design methods are given. 

3. The computer basic machine data and synethesized 
output parameters are listed and summarized. 

4, A detailed description of the method of solutions eval 
uation is given and shown to depend primarily upon the syn- 
thetic output parameters given by the machine program. Of 
the evaluation parameters, the cam acceleration diagram 
is the most important. 

5, The method of exponent manipulation in the machine 
program to achieve the optimum cam design profile is de- 
tailed. 

6, The importance of the valve train resonant frequency 
design parameter had been established in the first part of the 
paper. In this section, a method for the measurement and 
evaluation of this factor was given. 

7. It was stated that the most important fact about the 
valve spring as related to the cam profile is that both are 
interdependent designs. An analytical method for matching 
the valve spring rate and maximum load to the dynamics of 
the cam profile was given, The method of simultaneous so- 
lution of three equations conditioned by experience factors 
for an optimum spring design was deferred, because of length, 
to another paper. 

8. A description of a method used for the photometric 
analysis of valve motions was given. 

It is an overall conclusion of this paper that a quantita- 
tive definition for an optitnum cam profile design can be 
made so that an ordered analytical solution is possible; that 
analytical cam design procedures can be rapid, successful, 
and inexpensive as compared with trial-and-error procedures 
which are inherently slow and expensive; that the analytical 
cam design procedures, because of the great arithmetic task 
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involved, become practical through the use of electronic 
computer techniques. 
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Discussion 


Production Design Considerations 


Phillip A. Martel 
Ford Motor Co. 


THIS PAPER SHOULD serve as an invaluable reference source 
for cam design research and should provide a useful tool for 
determining the best cam design approach. Of particular 
interest to the writer were certain aspects in the polynomial 
approach outlined in the paper. Since our own experiences 
and those of our English counterparts appear to follow the 
same pattern, it seems appropriate to discuss the results of 
our studies with the polydyne method as they apply to the 
automotive industry or, more specifically, as to how this 
data can be utilized in practical engineering for production. 
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Noise 


In addition to the performance and durability objectives 
discussed in this paper, we must obtain an acceptable valve 
train noise level with the engine installed in a vehicle. To 
go a step further, our design objective allows any noise in 
the valve train that is not heard by the occupants of the car, 
This is more logical than humorous, since valve noises are 
particularly distra.cing and obnoxious to the average person 
because of the frequency range involved. Experiments in- 
dicate that while the design speed noise level is significant- 
ly reduced by the polydyne system, this is not true at all 
lower speeds, It appears that the kink produced in the cam 
acceleration trace, which is required to tune the system at 
design speed, causes a disturbance particularly apparent at 
lower engine speeds, 

Fig. A shows a comparison of the general dynamometer 
noise characteristics observed from both average polydyne 
cam and normal cam arrived at by the "experience" me- 
thod. It will be noted that the polydyne cam, in general, 
has a lower and more uniform noise level, while the “ex- 
perience” cam has more sharply defined and higher peaks 
in the area of design speed. When we compare these cams 
as installed in a passenger car, we find that high speed noise 
level is obscured by other noises present at the car speeds 
associated with high engine speed. 

Fig. B has been plotted to show the general character- 
istics of the two types of cams with regard to sound level in 
the front seat of the car when running under steady speed 
conditions, It may be pointed out that in accelerating from 
a standing start, the curve for engine speeds andrelated valve 
train noise will shift to the left from the position illustrated 
on this diagram. The higher noise levels of the experience 
cams will not be objectionable normally, because of the 
sharpness of the sound peaks and the rapidity with which the 
engine passes through them. 

The noise scale has been purposely omitted from Fig. B 
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Fig. A— Noise level on dynamometer comparison 
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Fig. B — Noise level in front seat of car 


because of the many variables which influence the absolute 
units, such as firewall insulation, interior car acoustics, type 
of pavement, body styling, fan drive ratio and type. It is 
possible that in some particular car, using a given polydyne 
profile, the general "hash" noise might not be objection- 
able. 

Another factor contributing to valve train noise is the rap- 
id rate of increase in cam acceleration which occurs before 
the valve has opened, This condition is most severe when 
attempting to obtain maximum breathing in the polydyne 
approach to improve performance, No mention has been 
made in the paper regarding steps taken to include the de- 
flection on the exhaust valve system due to gas pressure forc- 
es. These gas loads add to the inertia due to mass just prior 
to valve opening. After the valve opens, the affect of this 
gas force soon becomes negligible, thus causing valve jump 
to occur, 


Event 


The use of the term "event", while necessary in any cam 
lobe discussion, can be misleading, Depending upon the 
exponents selected, the valve lift curve may vary quite 
markedly as it leaves the ramp and affect top overlap, idle, 
and low-speed performance. Fig. C is a plot of the top 
overlap of two polydyne cams with the same event and max- 
imum valve lift. Experience shows that the top overlap 
would have to be reduced on the rapid opening and closing 
cam, This comment is made, since in designing a cam on 
the computer, the original event may be altogether differ- 
ent than the concept of event as applied to an experience 
design. Many instances have been noted over the years 
wherein an additional 4 or more deg could be added to the 
event. This allowed the use of a more gentle acceleration 
rate which helped reduce valve “hash” in the car, 

The authors state that this program will result in an opti- 
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WITH 240° EVENT FAST OPENING 
& CLOSING LOBE BASED ON 
POLYNOMIAL EQUATION USING 
EXPONENTS OF 2-14-26-38-50 


WITH 240° EVENT SLOW OPENING 
& CLOSING LOBE BASED ON 
POLYNOMIAL EQUATION USING 
EXPONENTS OF 2-8-18-20-26 


Fig. C— Comparison of top overlap 


mum design for breathing under the conditions given. What 
precepts dictate the choice of the exponent pattern to be 
used? Should it be concluded that only one cam profile will 
result from the use of this polydyne program, or is it possi- 
ble to select a slightly different pattern and optimize on a 
different profile? 

Valve lift is normally governed by valve space consid- 
erations rather than cam or engine speed limitations. Vari- 
able valve lift usually is sacrificed for one or more of the 
following considerations: 

1, Proper guide length. 

2. Minimum valve overhang. 

3. Maximum space for insertion of oil seal. 

4, Valve spring stress range. 

5. Interference of spring retainer to rocker arm. 

6. Undesirability of notches in piston to clear the valves, 

7. Rocker cover clearance to chassis components, 

Valve and port sizes can usually accomplish the same re~ 
sult as additional lift, and do so with better durability pros- 
pects, 


Valve Spring 


The first point of interest regarding valve springs is that 
no mention was made of integrating harmonic spring load 
analysis into the program. Even when using springs which 
possess a high natural frequency, surge is noted at some cri- 
tical speeds, which results in reduced spring load available 
to keep the train in contact. Adding this complexity to the 
computer program is easier said than done. 

The general rules laid down for good spring design agree 
substantially with current practice except for some conserv- 
atism regarding stress level and diameter ratios. A plot of 
stress versus natural frequency for the majority of the valve 
springs used on 1960 model American built cars is shown in 
Fig. D. The vacant shaded quadrant on the lower right is 
the area recommended by the authors. Similarly, when 
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Fig. E — Wire diameter versus mean diameter 


plotting wire diameter versus mean diameter (Fig. E) for the 
industry, it will be noted that the bulk is grouped around a 
ratio of 6.5 instead of the recommended 7 to 8 ratio. 

An attempt was made to show the difference between av- 
erage practice and the recommendations made in this paper. 
The following valve spring requirements represent an aver- 
age for American passenger cars being produced in 1960, 

Valve litt crest nc eee ee 

Z. Valve closed 10ad .. ss s.0caerame Olle 

3. Valve open toad... .«. «sce se) atone 

Fig. F shows the relationship of natural frequency, stress, 
and wire size for different diameter ratios on a constant rate 
spring. The spring designed for condition "A", using present 
industry practice, would weight approximately 0,143 Ib. 
The spring designed for condition "B", while undoubtedly 
better considering stress and stability only, would weigh ap- 
proximately 0,184 Ib. In addition, this spring is 1,75 in, 
outside diameter as opposed to 1. 38 in. outside diameter 
for spring "A". This increase in outside diameter would 
very likely require an increase of 15% on the length of the 
long side of the rocker arm which "snowballs" the polar mo- 
ment, if rigidity is maintained. In addition, the weight of 
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Fig. F — Spring comparison 


the larger spring retainer and 29% heavier spring increase 
the inertia forces. It appears that the limits are so safe that 
production engines cannot afford to use them for the reasons 
shown. 


“Experience” Cam Design 


Let us briefly explore current methods used to design suc- 
cessful valve mechanisms using “trial and error, expensive 
procedures.” It must be agreed that valve mechanism de- 
sign is a trial and error procedure. However, the bulk of 
the trial and error is not normally devoted to the design of 
the cam profile, but rather to the multitude of other vari- 
ables relating to performance, durability and noise. 


In the design of a new engine, every attempt is made to 
secure maximum valve train rigidity consistent with the 
overall design objectives, By this, we mean short pushrods, 
rigid rocker and support geometry, lightweight parts with 
efficient stress distribution, large cam bearing diameters to 


provide stiffness and allow adequate base circle radius, max- 
imum lift consistent with design limitations previously out- 
lined, and sufficient space so that a satisfactory valve spring 
can be designed. After this initial design stage, only minor 
changes in stiffness or valve lift are possible without jeo- 
pardizing program timing. 


The original cam profile, event and timing are then se- 
lected on the Basis of experience and program objectives. 
Detail drawings are not yet available from which to calcu- 
late or even estimate the natural frequency of the valve 
train since the camshaft casting requires more leadtime than 
the balance of the small parts in the train. This original 
cam will not likely be used in production; but it must be 
close enough to a production version, so that testing on the 
first engines is not delayed, 

Other phases of the initial calculations include the de- 
sign of a vlave spring to provide the required toss or pump- 
up speed., Harmonic analysis, based on the cam profile pre- 
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viously designed, is used in this calculation. The tappet- 
to-cam (Hertz) stress is determined for nomial and limit 
stack conditions to ascertain whether cam lobe offset and 
lobe width are ideal. 

After initial dynamometer and mechanical prototype car 
tests have been run, the test data is reviewed and a second 
camshaft is designed. This is based on: 

1, Revisions desired in shape of torque curve, 

2, Deviation from expected toss or pump-up speed. 

3, Ramp adequacy for temperature and dynamic condi- 
tions encountered in car operations, 

4, Noise characteristics observed on car testing. 

At this stage in engine development, it is normal to try 
various combinations of valve spring features to minimize 
objectionable noise and/or surge conditions throughout the 
operational speed range. 


Summary 


The idea of having the cam profile compensate for the 
flexibility of the overhead valve system is an important goal. 
In my opinion, designing by formula, polynomial or other, 
impedes design flexibility of applying knowledge obtained 
through years of experience. Utopia in cam design would 
allow feeding the desired valve acceleration characteristics 
into the input of the computer and having the output forcam 
acceleration contain the best compromise for the total speed 
range. We are continuing studies to develop and evaluate 
various formulae and computer programs. However, until 
further progress is made in this direction, we believe that 
the "experience" method provides the most practical course 
to follow. 


Control of Vibration Amplitude 


Richard S. Johnson 
International Harvester Co. 


THERE ARE MANY points in this paper which might be ques- 
tioned or discussed, but it is surprising how many of these 
can be related to a single subject, the control of vibration 
amplitude. Despite the references to vibration which are 
sprinkled through the paper, 1:do not believe that the authors 
have emphasized its importance sufficiently. The "“poly- 
dyne™ system is designed to eliminate valve mismotion due 
to train vibration at the design speed by exactly compensa- 
ting the cam profile for train deflections, This technique 
apparently works at design speed, but unfortunately it does 
not automatically give adequate valve train control at other 
speeds, 

The authors review the fact that vibrationreaches a max- 
imum at 70% of the design speed and has an approximately 
equal value at 110% of design speed after which it increases 
indefinitely, Actually, these figures are from a curve con- 
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necting the high points of a series of vibration amplitude 
loops representing orders of resonance between speed and nat- 
ural frequency. The authors recognize the importance and 
then fix the valve train design speed as a dependent function. 
The maximum permissible over-speed condition would be 
limited to 110% of the design speed. It has been further sug- 
gested that if these speeds are not sufficiently high for the 
desired engine operation we should stiffen the valve train or 
make it lighter so that the procedure can be used. Unfor- 
tunately, it is not always possible to make such changes, 
What can we do in this case? Possibly we can limit the mag- 
nitude of the vibration at whatever speed it may occur. 

To compute contact stresses, acceleration loads are con- 
sidered against the cam; and to compute separation speeds, 
we consider deceleration loads against the valve spring. Vi- 
bration forces affect both of these results, and it is only when 
vibration forces are added to the stress calculations and to 
the separation speed calculations that the true importance 
of vibration control becomes apparent. 


Minimizing the vibration amplitude and the vibration for- 
ces at off-design speeds can affect the choice of almost all 
the design variables. There are no good substitutes for high 
rigidity and low weight, but if we must substitute, there are 
several areas which can be considered. Valve event dura- 
tion and valve lift have been mentioned. Possibly a less 
well understood influence is the establishment of the bound- 
ary conditions of the differential equations. A smooth tran- 
sition from the ramp is necessary, and for most designs there 
is an optimum ramp velocity which produces the least vibra- 
tion, Perhaps the largest influence outside weight and rigid- 
ity is the selection of the power series, This can havea very 
significant influence on off-design speed vibration. A con- 
siderable portion of our computer work using an IBM 705 has 
been to find the trends of vibration amplitude with each of 
the design variables, 

Next !'d like to mention two specific points. One is a 
defense of what the paper refers to as "normal practice..." 
which ",..does not ordinarily achieve an optimum result, " 


The authors want to specify the maximum operating speed 
and then find the highest permissible valve lift. We have 
used this procedure but find that it is sometimes better to use 
the old outdated "normal practice," For example, let's put 
a fairly large engine in a highway truck and limit the maxi- 
mum engine power with a governor, hook on a loaded trailer 
and start the whole thing down the side of a mountain, (Let's 
add the requirement that we stay on the road). Under these 
conditions during which the engine functions as a retarder 
with the transmission in one of the lower gears, there is a 
greatneed for over-speed capacity but no need at all for op- 
timized valve lift since the governor hasclosed the throttle, 
It's better in this case to specify an acceptable range of air 
flow capacity..." and seek the maximum engine speed with- 
in the limits of good v!ve control, " 

The other point is the specification in the second part of 


609 


the paper that the exponents, p, q, r and s be even positive 
integers such that p is equal to or more than 8 and s is equal 
to or less than 50, Why and why 50? The engine series most 
recently put in production by the Motor Truck Division of 
International Harvester uses a polydyne camshaft for which 
the first exponent after the square is 6, We're not sure how 
the authors feel, Fig. 19 shows a 2-6-10 and so on series. 
Also, in a special experimental design we found it necessary 
to use 66 for the last term exponent to obtain the required 
result, For that matter if we consider profiles from the max- 
imum lift downwards, why should we exclude the odd pow- 
ers? Are there any real reasons for these limitations or are 
they just for convenience to limit the field of choice? 


Success of Polydyne Method? 


F. G. Butler 
General Motors Corp. 


SINCE THE AUTHORS have not given any examples or re- 
sults of their work with the polydyne method, it is difficult 
to determine what success they have had with the method, 
It must be assumed, therefore, that satisfactory results have 
been obtained with the procedures outlined. 


During 1951 and 1952, Oldsmobile Engineering carried 
on an extensive experimental investigation of the polydyne 
method of design and resulting cams and valve motions, Dur- 
ing this time, several different designs were made and tested 
in engines, The investigations indicated the polydyne 
method was in need of a great amount of further develop- 
ment, Dynamic distress resulting in excessive noise was en- 
countered in mid-range engine speeds. Oldsmobile discon- 
tinued further work with this procedure to await more study 
and refinement at a later date. 


The authors have made modifications to the polydyne 
approach, introducing new design parameters. However. I 
can not conclude from this paper that they have the answer 
to the cam design problem because no data concerning ac- 
tual engine tests are given. The reason I question the pres- 
ent work is not due to the original concept nor to the authors 
subsequent efforts but primarily because a very complex me- 
chanical system has been over-simplified for purposes of 
analysis. This over-simplification consists of reducing a 
multi- mass variable stiffness system with indeterminate dam- 
pening to an equivalent dynamic single mass mathematical 
model with constant stiffness and no dampening. Until pro- 
cedures are developed to comprehend a greater number of 
these variables such as variable multi-mass, variable stiff- 
ness, and multi-dampened systems as encountered in the 
modern high performance automotive engine. 


I am not here to merely criticize Mr. Nourse and his co- 
authors, but I hope to challenge them to a continuing effort 
in this field along the course they have undertaken, 

Recalling the diagrams of the valve and cam accelera- 
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tion curves shown in this paper, I do not believe that all of 
the valve train components will adjust to the extreme changes 
in force as shown in the positive portions of the cam accel- 
eration curves. To get equivalent areas under acceleration 
curves as are now found in most cam profiles, it would be 
necessary to have higher positive acceleration values not once 
but twice during any opening or closing cycle. This indi- 
cates more detrimental inertia forces in a given system. One 
may not be concerned with the area under an acceleration 
curve, but (recalling some of our fundamental mechanics) 
area under such a curve is defined as work done. Therefore, 
why not take advantage of this and put it to its fullest use. 
In this paper, the authors state that the important part of the 
valve lift is that which comes before the port acts as_ the 
breathing restriction, In this tenor, it almost becomes man- 
datory to take full advantage of every potential contained in 
any given system. In the flanks of the cam, we therefore 
utilize maximum area under the acceleration curve, This 
results in greater velocity with higher values of lift at any 
cam angle. This approach does present some difficulties. 
For example, it is not generally considered good practice to 
have greater values of negative acceleration farther away 
from the maximum cam lift point than the value at this 
point. As discussed in this paper, this is an undesirable char- 
acteristic, but where in Engineering have we found an ideal 
uncompromised system? Use of a design of this type, con- 
taining the so-called detrimental negative acceleration char- 
acteristics, does permit the designer to develop cams that 
take full advantage of that area under the flank lift curve 
for engine breathing without increasing the maximum valve 
lift over the limits defined by the valve spring solid height. 
This is relatively simple to explain without diagrams, Re- 
call again the acceleration curve and the centroids of both 
the positive and negative parts as seen along the time axis 
and make a summation of moments about the maximum lift 
point; and we have determined maximum lift. With this in 
mind, it can be readily understood that maximum lift may 
be minimized by the proper application of the so-called det- 
rimental acceleration curve, 


Oldsmobile engineers have designed and developed many 
different types of cams to satisfy many variable conditions, 
but as yet, we have not found a fool- proof purely mathema- 
tical method of design that will satisfy the conditions pre- 
scribed by engine requirements, 


I wish to compliment Mr. Nourse, Mr. Dennis and Mr. 
Wood on their recent spring designs, photo- metric analysis 
and data processing procedures, We have used high speed 
photographic analysis for a number of years (having been first 
introduced to the procedure by H. H. Engemann) and we 
have found this to be one of the most valuable tools for criti- 
cal, analytical evaluation of valve train dynamics, I only 
wish the authors had seen fit to describe these procedures 
more fully to awaken the interest of those who are uniniti- 
ated in this art. 
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Force-Stress Limits in Valve Train 


Max J. Tauschek 
Thompson-Ramo-Wooldridge, Inc. 


IF THERE IS one particularly significant contribution in the 
authors’ paper that overshadows all else, it is their recogni- 
tion of the importance of the force-stress limits in the valve 
train. These force-stress limits have increasingly, in the 
past few years, limited the performance of valve trains, not 
only at a tappet-cam interface but particularly at the rocker 
arm-valve tip contact area. 

Approximately 10 to 15 years ago, the predominate valve 
train problem was lack of control of the valve train dynam- 
ics causing erratic valve motion and bounce which in turn, 
caused high seating velocity and valve breakage. The poly- 
dyne-cam design work was undertaken by the Thompson Pro- 
ducts, Valve Division in order to afford a means of controll- 
ing valve train motion. The polydyne method, properly ap- 
plied, accomplishes this objective. The method requires, 
however, that the valve lift curve be assumed as the first step 
in the solution. This assumption is made without any knowl- 
edge of the loads or other limits imposed on the valve tain, 
Yet, an appropriate polydyne solution can be achieved for 
any arbitrary valve lift curve. It is possible and quite fre- 
quently happens, that the assumed valve lift and accelera- 
tion produces loads far exceeding allowable limits. It is, 
therefore, gratifying that the authors have extended the pol- 
ydyne solutions, not only to consider such loads but also to 
provide means of optimizing the valve lift curve so astotake 
full advantage of permissible stresses in the valve train. 

The polydyne method has not been universally accepted, 
partly because of its mathematical complexity and partly 
because of assumptions which, although they impair its ac- 
curacy, are necessary to permit the equations to be solved 
at all, The advent of high speed digital computers obviates 
the first difficulty. The refinements added by the authors, 
particularly their recognition that the polydyne method will 
not apply to systems having multiple degrees- of- freedom 
and their technique for determining the equivalent weight 
of the valve train by deduction from its resonant frequency, 
improve the accuracy and extend the usefulness of this method, 

The authors stress that the polydyne technique applies only 
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to systems which vibrate roughly sinusoidally. This raises 
a question concerning their approach to systems exceeding a 
single degree-of-freedom. Is it possible to constrain such 
systems to one-degree-of- freedom and if so, what is the 
means for accomplishing this end? 

Again the authors stress the importance of high resonant 
frequency in determining the engine design speed. The 
authors’ equation for determining engine design speed is 
empirical and the cam would require less compensation if 
the maximum engine operating speed were a smaller frac- 
tion of the valve train resonant frequency. The importance 
of maintaining high stiffness and low weight in the valve 
train is self-evident, yet it has been our experience that fac- 
tors such as cam shaft bearing spacing, or cantilevered rocker 
arms which contribute to the elasticity of the system, are 
not generally appreciated. Therefore, are there not instan- 
ces where it is more practical to attempt to increase the 
resonant frequency of the valve train instead of or prior to 
compensating the cam? If so, are there particularly effec- 
tive techniques that the authors have discovered for reduc- 
ing the effective weight or increasing the stiffness of the 
valve train? 


Authors’ Closure to Discussion 


THE AUTHORS sincerely appreciate the time each of the 
discussers has taken to prepare critical reviews to this paper. 
We have been reminded rather forcibly, however, of the 
story about the seven blind men who went to see the ele- 
phant. It will be recalled that one blind man had touched 
the elephant’s side and so decided the elephant was like a 
wall; another, having found the tail, decided the elephant 
was not at all like a wall but like a rope; a third, having 
found the elephant's leg, knew immediately that both the 
others had been wrong—the elephant was, in fact, much 
like a tree, and soon. In these discussions, one has looked 
at the cam design elephant as "noise," another has looked 
at "vibration," and still another finds the cam problem too 
complicated for an analytical solution by any means. We 
suspect that each of us is partly right and that the truth of 
the matter may be somewhere between. 

There is one impression, however, which demands anim- 
mediate reply. Several reviews have implied that there is 
a fundamental difference to be appreciated between the "an- 
alytical" cam design method as compared with the "experi- 
ence” method and that the experience method is much to 
be preferred. In our view this is a twisting of words which 
is fallacious, to say the least. Surely it is necessary to be- 
gin from the premise that in any problem, the analytical 
method must depend heavily upon experience to be success- 
ful— must be generated directly from it. In cam design the 
analytical method should contain not only cam experience 
but also all that can be gained from mechanics, the me- 
thods of machine and shock and vibration problem solving, 
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as well as experience in numerical analysis where this can 
be applied effectively. To set the words "analytical" and 
“experience” into opposition is deplorable; the fundamental 
issue is to make experience the servant— not the master. 


REPLY TO PHILLIP A. MARTEL - Noise—We agree that 
"noise" is an important part of the cam design problem but 
disagree with the conclusion that valve train noise at inter- 
mediate engine speeds is inherent to a cam designed by the 
methods outlined in the paper. Valve train noise derives 
primarily from valve train separation (valve lofting and/or 
bounce) and valve spring coil clash. The solution to both 
problems depends upon good valve motion control over the 
entire range of engine speeds. It is important that any dis- 
continuity in the cam acceleration diagram be avoided— 
particularly at the ramp to main event juncture. Thispoint 
was stressed in out paper under "Solution Evaluation, " item 
3a; we thought this to be one of the important modifications 
to the original polydyne method. 


Cam displacement and valve displacement occur on op- 
posite ends of an elastic linkage. Both displacements with 
all higher derivatives through at least the fourth derivative 
(the time rate of change of jerk) must be controlled as a 
necessary (not to be interpreted as a sufficient) condition for 
superior cam design performance. Our experience has been 
that when the time rate of change of acceleration diagram 
at the cam surface is controlled very carefully—especially 
at the ramp to main event juncture—the noise as a problem 
disappears over the entire range of engine speeds. 

Event—It is agreed that the design method will affect 
both event length and top overlap valve timing specifica- 
tions. Where this is accomplished with good valve control, 


the effect of sharpening the precise moment at which the 
valve is opened is a great advantage rather than disadvan- 
tage to the engine performance. The low ramp velocities 
(suggested in the discussion) lead to wider variation in valve 
timing. 

Valve Spring Design—The discussion point made with re- 
gard to the relative weight (and therefore cost) of two valve 
springs, one of which represents "general practice" and the 
other the more "conservative" design, is well taken, We 
would agree that in a comparison made on the basis of equal 
spring preload and rate, the more conservative design would 
result in a somewhat greater initial cost. 

Our basic argument is, however, that the modified poly- 
dyne cam provides for the accurate control of the second 
through fourth derivatives of the valve motion and that this 
control avoids to some very high degree the valve spring 
surge excitation forces, For this reason the valve spring can 
be designed with a significantly lower valve open load. Less 
valve spring energy storage capacity per cycle is required. 

The energy capacity of a valve spring is primarily a func- 
tion of the weight as is also the cost. Our experience has 
been that the cam design and valve spring design can be re- 
placed as a matched pair in any existing normal valve train 
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system; when this is done, the new valve spring is lighter 
in weight, costs less, and follows the "conservative" design 
with all the attendant advantages therefrom. 

"Experience" Cam Design—The discussion states that 
"the bulk of the trial and error is not normally devoted to 
the design of the cam profile but rather to the multitude of 
other variables relating to performance, durability and noise. " 
Our position is that the performance, durability and noise 
problems are precisely an important and integral part of the 
cam profile design problem, that the "trial and error bulk" 
can be greatly reduced through critically evaluated analyt- 
ical design procedures, 

REPLY TO RICHARD S, JOHNSON—Vibration—If we have 
failed to emphasize the importance of vibration sufficiently, 
the only defense that can be offered is that the broad scope 
of this paper has forced us to be rather terse. The primary 
motivation of the "polydyne" method concerns vibration and 
its compensation. Hopefully, we shall find the opportunity 
at a future date to present a summary of our investigations 
in this area. Two conclusions from that work can be given 
here, however, that may be pertinent. 


1. Considering the simplest possible vibration system 
(that is, the single deg-of-freedom system) there is no cam 
having a fixed profile which can compensate for the valve 
vibration at more than one engine speed. This statement 
is true in the theoretical sense and independent of the de- 
sign method. In that same sense, there is no cam of fixed 
profile able to compensate a system of more than a single 
deg-of-freedom at any engine speed (see paper, last para- 
graph of Command and Response). In the practical sense, 
however, there are a large number of cams having a fixed 
profile which can compensate the system adequately well 
over a limited range of engine speeds. [The analyticalme- 
thod for finding the optimum profile from among these is, 
of course, the subject of our paper. ] 

2. For the "polydyne” cam, it can be shown that the 
valve vibration amplitude varies in accord with the follow- 
ing expression: 


Valve Vibration Amplitude = M Eales x2 (x2 - 1): 
where: 

M = the maximum value of the time rate of 
change of valve "jerk" (y'''') at design 
speed—in/deg4 

E.D.S. = engine design speed—deg/sec 

fp = valve train natural resonant frequency— 
cycles/sec 

x = the ratio of engine speed to design speed 


We have found the foregoing relationship very useful. 


Specification of Exponents—In regard tothe choice of 


suitable polynomials, the restrictions specified on exponents 
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were not meant to be "iron-clad;" we also have found ex- 
ceptions. [One cam now in production is designed with the 
exponents 2 - 12 - 20 - 46 - 66; the valve train spring rate 
is 385, 000 1b per in. —the engine, overhead cam. ] In gen- 
eral, it was thought that the initial explorations should be 
confined by the guidelines given in the paper, that the ma- 
jority of final solutions would be in this area. 

It is reasonable to suppose that there exists other general 
classes of equations (Legendre polynomials, for example) 
which could be used to describe the displacements and de- 
rivatives in analytic functional form. The important advan- 
tage sought would be easier computation with round-off 
error. 

REPLY TO F.G. BUTLER—Perhaps a criticism of our paper 
for the lack of specific examples and results obtained may 
be justified, although we thought that the scope and com- 
plexity of the material was such asto preclude an even great- 
er length. It is our intention to prepare this subject for an- 
other SAE paper at some early future date. The fact is that 
this analytic method for cam design succeeds very well—a 
fact we would be delighted to discuss and demonstrate to 
anyone having a sufficient interest. 

REPLY TO MAX J. TAUSCHEK—The authors of this paper 
are especially appreciative of the particularly perspicacious 
criticisms brought out by this discussion. 

With respect to the question concerning single deg-of- 
freedom systems, it should be observed (as noted above) that 
theoretically there is no fixed cam profile which will com- 
pensate the end (valve) element for two (or more) deg of 
freedom at any engine speed—much less over a range of en- 
gine speeds. From a practical viewpoint, the question be- 
comes one of degree rather than kind. If, for example, the 
system happens to display 2 deg where the first is a low nat- 
ural resonance (20, 000 cpm) and the second is high(200,000 
cpm), then we would presently believe good success could 
be obtained by designing for the lower resonance while ig- 
noring the higher provided that the acceleration forces are 
sufficiently limited. There is a great deal to be said onthis 
subject having to do with the actual valve train compression 
deflections under acceleration forces as these relate to the 
cam profile accuracy required for good valve control per- 
formance, We have studied the theoretical part of this prob- 
lem and believe the design can be handled within certain 
limitations on engine speed range and the ratios of first to 
second resonant frequencies. 

In reference to the statement about the great importance 
of maintaining high stiffness with low weight in the valve 
train as well as stiffness at the rocker arm support points and 
camshaft bearings, we agree most forcibly. Just as suggest- 
ed, there are instances where the desired engine perform- 
ance is found incompatible with the cam design specifica- 
tion after the valve train parts weights and stiffness have 
been measured. In this case, the most prudent course of 
action is to improve the valve train design or modify the 
performance objectives. Very often the improvement must 
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be directed toward the valve train support system including, 
on occasion, the torsional rigidity of the camshaft. 


General Comments 


It should be appreciated that the status of the modified 
polydyne cam design method reported upon in this paper 
(dated June, 1960) corresponds with the state of develop- 
ment as of the year 1959—except that the computer pro- 
grams for the IBM 650 had been reprogrammed into Fortran 
notation for the IBM 704. These changes brought about a 
number of refinements and sophistications in the method 
which, it was thought, was best left to the discussions of 
some future paper. The present status of the method (June, 
1961) provides, for example: 


1. A special exponent scanning program—which exam- 
ines the critical values of certain design parameters and al- 
lows high speed resolution of the optimum exponent choices, 


2. The Hertz bearing stress is programmed for a rapid 
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evaluation of the contact stress at any critical valve train 
interface, 

3, The paper provides certain kinematic equations which 
are identified with the flat-faced cam follower. We have 
programmed the kinematic equations of motion for the trans- 
lated roll follower with also equations for the pivoted roll 
follower. 

4, A compensation in the cam design for the valve train 
deflections due to gas pressure loads on the exhaust valve 
face has been pointed out as a special problem in several 
of the reviews, This compensation is particularly impor- 
tant and necessary for engines which are supercharged or for 
engines which have a low natural resonant frequency valve 
train. A special difficulty with this problem is that the gas 
pressure load decreases as a cubic function of time and reach- 
es zero, normally, at about 1/2 to 2/3 of the cam opening 
side half event. The present modified polydyne cam de- 
sign method has obtained the necessary changes in the dif- 
ferential equations and solution boundary conditions with 
the corresponding changes to the computer programs required 
for the gas load problem solution. 
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Theoretical Prediction of the 


THE EFFECT OF TRACTION on cornering force is one of 
the major factors affecting handling of an automobile. The 
basic difference between the handling characteristics of front 
wheel drive and rear wheel drive vehicles is determined al- 
most exclusively by the interaction between traction and cor- 
nering force. The amount of “understeer” or “oversteer" 
which has to be “built-in” the vehicle to achieve satisfac - 
tory handling characteristics is governed to a great extent by 
the effect of power application on cornering force. 

Very little experimental work has been performed in this 
special field. Previous investigations were limited exclus- 
ively to tire testing on drums, To the best of our knowledge, 
ho attempts have been made to explain this phenomenon 
theoretically. Tire theories developed in the past were con- 
cerned primarily with the study of lateral tire force and 
aligning torque and did not explain the phenomenon of in- 
teraction between traction and cornering force. 

The theory presented in this paper undertakes to explain 
the effect of traction on cornering force by using a new con- 
cept of "spring interaction.” This theory has been substan- 
tiated by tire road tests. Very good correlation was found 
between calculated and test data. As a result of this study, 
the major factors determining the effect of power applica- 
tion on cornering force were established. 

These factors are: 

1. Reduction of overall lateral stiffness of a tire. 

2, Reduction of effective lateral coefficient of friction. 

Since the effect of tractive power application on corner- 
ing force cannot be separated from the effect of vertical 
load, the latter is also included in the discussion. Applica- 
tion of the tire theory presented in this paper to the evalua- 
tion of vehicle handling is reviewed following an explana- 
tion of the theoretical concepts. 
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Basic Nature of Pneumatic Tire 


The pneumatic tire is in many respects very similar to 
the muscles of animals in function, structure, and basicchar- 
acteristics. Both tires and muscles are elastic, deflecting in 
the act of transmitting forces; both are strongly nonlinear in 
their responses to external stimuli; both are greatly influenc- 
ed by temperature changes. It is rather a strange coinci- 
dence that the inventor of the pneumatic tire, John Dunlop, 
was a veterinarian. 

This similarity is mentioned here only as a scientific od- 
dity. To pursue the analogy in the hope of clarifying our 
understanding of tire behavior would obviously be fruitless; 
it would likely produce more confusion than enlightenment. 
A much better analytical approach is to consider the tire as 
a three-dimensional spring system, which transmits forces 
in the vertical, lateral, and longitudinal directions. The 
pneumatic tire is not an air spring. The elastic properties 
of a pneumatic tire are determined almost exclusively by 
deformations of the carcass and the tread. The principal 
function of the compressed air in the tire is to preload the 
carcass and therefore to predetermine the range of utiliza - 
tion of the basic characteristics of the tire. A load increase 
in an air spring results in an increase of pressure, but in a 
pneumatic tire it results in an increase of the tire contact 
area with virtually no pressure change. 

By defining a tire as a spring, we can adopt the general 
term "spring rate" or "spring constant” to describe its force - 
deflection characteristics. In automotive practice, we use 
tire rate expressed in lb/in. only in a sense of vertical tire 
tate. In this case, we define the rate as a ratio of vertical 
load to deflection. However, in describing the same re- 
lationship in the case of lateral force, we use terms such as 
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slip angle in degrees and cornering power in lb/deg, instead 
of lateral deflection in inches and lateral rate in lb/in. Tire 
deflection as a result of longitudinal forces is usually express- 
ed by the wheel slip in per cent and the term representing 
longitudinal tire rate does not exist at all. The lack of a 
common terminology as applied to the pneumatic tire is one 
of the obstacles in the way of understanding the nature of 
a tire. 


Model of Pneumatic Tire and Interaction Effects 


The general model of a pneumatic tire can be considered 
as a three-dimensional springing and damping system. In 
the first approximation, for purposes of simplification, we 
ignore the damping properties of a tire and limit ourselves 
to a description of its springing characteristics. Then the 
model of a tire can be constructed from three groups of el- 
ementary springs (Fig. 1). The axes of symmetry of these 
springs are located as follows: 

1. In the plane of the wheel concentrically. with the 
wheel rim. 

2. Perpendicular to the plane of the wheel. 

3. In the plane of the wheel radially to its center. 

For a sufficiently small element of a tire, the curvature 
of the axis of the elementary spring from the first group can 
be neglected. Then each tire element will consist of three 
elementary springs whose axes of symmetry are perpendicu- 
lar to each other, Let us denote the axes of these elemen- 
tary springs as X, Y, and Z and their basic spring constants 
or rates as Cy,, Cyo, and Czo, respectively. These basic 
spring rates express longitudinai, lateral, and vertical load- 
deflection characteristics. The basic spring rate is defined 
as the load-deflection ratio derived from each of these ele- 
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mentary springs independently. This independent operation 
of each elementary spring is possible only whenone spring 
is completely separated from the others. However, under 
actual conditions these three elementary springs which com- 
prise the tire element are connected together in one single 
unit. This connection results in interaction effects, which 
play a very significant role in tire mechanics and can be 
considered a major factor affecting car handling. The "in- 
teraction effect" is defined as a change of rate in one ele- 
mentary spring, due to forces acting on the other elemen- 
tary springs within the same element of a tire. When a tire 
element is subjected to forces acting simultaneously along 
two or all three axes, the spring rates along each of the axes 
vary. The change of spring rates under the circumstances 
described above can be illustrated on the model of the tire 
element shown in Fig. 2. 

This model is constructed from three coil springs. The 
axes of symmetry of these springs are perpendicular to each 
other. When no load is applied to any one of them, then 
the rates of these individwal springs remain constant. These 
rates constitute the basic spring constants Cxyg, Cyo, and 
Czo. The springs are connected together in one unit. Outer 
ends of each spring are attached to universal joints, of which 
one is stationary and the other can slide in a frictionless 
guide whose center line coincides with the undistorted spring 
axis, Load-deflection characteristics of each spring can be 
ascertained by applying load to the spring through the mov- 
able universal joint and measuring displacement of the lat- 


ter. Let us identify the springs situated along x, y, and z 
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Fig. 1 — Model of a tire 


axisas "X," "Y," and "Z," respectively. If we measure 
load-deflection characteristics of the spring "Y" and at the 
same time apply a progressively increasing load to the spring 
"Z," we will find that the rate of the spring "Y" shows a 
decrease with an increase of the load acting on spring "Z." 
Conversely, the rate of the spring "Z" also decreases as the 
load acting on spring "Y" increases. This phenomenon can 
be explained by the fact that the load increase on the "Z” 
spring produces bending of the axis of the "Y" spring, which 
results in a rate decrease of the latter. If three progressively 
increasing forces, dFy, dFy, dFz act on elementary springs 
"xX," "Y," and "Z,™ each of these springs will experience 
a reduction ofits respective rate due to the increase in forces 
applied to the other two springs. The force dF, will produce 
bending of the axes of the springs "Y" and "Z" and there- 
fore will cause reduction of their rates. Similarly, forces 
dF, and dF, will cause rate reductions in the springs "X"- 
DZ andun Xena: on LeSPECUVelyi. 

Let us define this phenomenon of spring rate reduction, 
due to an increased load applied to another spring of the 
same spring system, as a primary rate reduction effect. This 
will distinguish it from the secondary effect described below. 

The secondary rate reduction effect in a three-dimen- 
sional spring system can be defined as a rate reduction of a 
spring with an increase of load acting on it, when the loads 
applied to another spring of the system are constant. Let us 
apply progressively increasing load to the spring "Z" while 
maintaining constant loads acting on the spring "X" and"Y”, 
From the previous discussion, an increase of load applied to 
the spring "Z" wail cause, as a primary effect, rate reduc- 
tion of the springs X and Y. Asa result of rate reductions 


*Numbers in parentheses designate References at end 
of paper. 
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Fig. 2— Model of 
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in the springs X and Y, constant loads applied to them will 
increase their deflections. Since all three springs are con- 
nected together in one unit, an increase in the deflections 
of springs "X" and "Y" will cause increased bending of the 
axis of the spring "Z" and therefore reduce its rate. Rate 
reduction effects under various conditions are expressed by 
linear equations which are shown in the Appendix. 


Vertical Tire Characteristics 


Vertical tire characteristics are determined mainly by 
properties of the elementary springs "Z" located radially in 
the plane of the wheel. By applying a vertical load to the 
wheel we produce deflections of the elementary springs "Z" 
which are in contact with the road surface and also we in- 
crease the number of these springs engaged in contact with 
the road surface. Therefore, application of vertical load 
results not only in deflections of elementary springs "Z" but 
also in and increase of the contact area. 

Since the surface of an unloaded tire is one of double cur- 
vature, it contracts within its contact area as a result of flat- 
tening due to load application. The tire has a curved pro- 
file in the side elevation as well as in the front view (tread 
radius), therefore compression takes place in both directions. 
Compression of the tire surface has been demonstrated by a 
rather simple test described by Schuster and Weichsler (1). * 
The test was conducted by rolling a tire over a paper strip 
which had a grid chalked on its surface. These chalk lines 
were thus transferred to the tire surface. The resulting grid 
squares on the tire surface were larger than the original 
squares drawn on the paper. This proves that compression 
takes place within the tire contact area. 

Compression of the tire surface within the contact area 
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also can be demonstrated directly by observing the contact 
area from underneath the tire through a glass plate while a 
load is applied. Deformation of the tire surface within the 
contact area naturally implies stresses. Martin (2) actually 
measured stress distribution within the contact area and found 
that stresses are directed toward its center. In applying the 
concept of interaction developed in the preceding section 
of this paper, it would appear that these stresses produce 
bending of the vertical springs, thus reducing tire rate. 

Compression of the tire surface can be explained simply. 
The projected contact area becomes the chord of the unde- 
flected arc-shaped surface of the tire. Since a chord is al- 
ways shorter than its arc, the surface must compress in order 
to comply with these new conditions. 

Heldt (3) found that the actual size of the contact area 
is smaller than that which would be calculated subject to 
the assumption that area is directly proportional to deflec- 
tion and load: he attributes this to the fact that when a tire 
deflects under load, not only is its surface flattened out 
within the contact area, but also its side walls bend addi- 
tionally, thus contributing to total deflection. Therefore, 
as a result of compression of the tire contact area and bend- 
ing of the side walls, the actual length and width of the con- 
tact area are smaller than those which would be calculated 
simply as lengths of the chords plotted to the original un- 
deformed major radius of the tire and to the tread radius. 

Let us define the ratio of actual length and width of the 
tire contact area to the respective chord lengths as a defor- 
mation coefficient. Then the length and width of the con- 
tact area can be expressed as a product of a chord length and 
this deformation coefficient. The height of this corrected 
chord length represents vertical tire deflection. The size of 
the contact area was determined by assuming a rectangular 
shape for the contact area. This assumption is justified for 
passenger -car tires, since it is in good agreement with the 
actual shape of the tire imprint obtained from test, as shown 
in Fig. 3. Based on findings of Martin (2), parabolic pres- 
sure distribution was assumed across the length of the con- 
tact area. 


According to the concept of interaction developed in this 
paper, the lateral and longitudinal stresses acting at the tire 
contact area produce a decrease of vertical unit rate (rate 
of elementary "Z" springs). Since these stresses originate 
with the vertical load and show an increase with an increase 
of vertical load, we can conclude that increased vertical 
load causes a decrease of vertical unit rate. By using the 
assumptions outlined, above, mathematical equations show - 
ing the relationship between vertical load and tire deflec- 
tion were developed. These are Eq. (9) and (10) in the Ap- 
pendix, 

If the vertical unit rate were constant, tire deflection de- 
termined from these equations would increase less than lin- 
early with an increase of load (Fig. 4a). However, since 


the actual vertical unit rate decreases with an increase of 
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Fig. 3 — Imprint of a tire contact area for 6:70-15 tire 24-psi, 
1065-Ib load 


load and thus conteracts nonlinearity of the basic trend, the 
resultant tire load deflection curve shows an approximately 
linear character (Fig. 4b) almost within the whole range of 
deflections, except in the region of very small deflection 
values. 

The calculated tire load- deflection curve agrees closely 
with the test results, thus confirming our assumption of lin- 
ear unit rate reduction with an increase of load. 

Vertical tire rate is usually determined by loading the 
tire under static conditions within rather narrow limits of 
load variations below and above the rated load. The results 
of these tests indicate that the tire rate for all practical pur- 
poses is constant within the load limits used during the test. 
The fact that the extended test curve does not meet the ori- 
gin of the coordinate system proves that this approximate 
linearity ends at small tire deflections. 

According to the spring interaction concept, traction force 
and cornering force will produce an additional reduction of 
the vertical unit rate. The mechanism of lateral unit rate 
reduction, which is discussed in the next section, is similar 
to that of vertical unit rate reduction. Therefore, we might 
expect larger tire deflections due to lateral weight transfer 
in cornering than those due to the same weight transfer in 
static test. Power application should result in even greater 
discrepancies between static and dynamic value of tire rates. 
These predictions are based exclusively on the spring in- 
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teraction concept and have not yet been substantiated by 
tests. 


Lateral Tire Characteristics 


Definitions - Lateral tire characteristics can be described 
in our model by the springing properties of the second group 
of elementary springs "Y" with the axis of symmetry located 
perpendicular to the plane of the wheel. One could im- 
agine these lateral springs not separated from each other but 
rather connected together with some kind of band or string. 
Therefore, a lateral force applied to the tire within the con- 
tact area produces deflection of these elementary springs, 
not only within the contact area, but also beyond it (Fig. 5). 
This phenomenon was observed experimentally by photo - 
graphing the lateral distortion of a tire operating under a slip 
angle (4). Considering the significance of the existence of 
deformation zones beyond the limits of the contact area, let 
us identify these zones as elastic lead and elastic trail. Elas- 
tic lead is defined as the length of the deformation region 
forward of the contact area. Conversely, elastic trail con- 
stitutes the length of the deformation zone behind the area 
of contact. 

Lateral tire forces are determined by lateral tire defor- 
mations. Considering that tire deformations extend beyond 
the region of the contact area, we conclude that the elastic 
forces acting on the wheel rim have their source not only 
within the contact area, but also beyond it. Deformations 
of a tire are distributed unsymmetrically with respect to the 
wheel axis. Deformations in the aft region are greater than 
those in the forward region. We assume that the distribution 
of lateral elastic forces acting on the wheel rim is propor- 
tional to the lateral deformations of a tire. Therefore, if 
we replace the distributed elastic forces by a concentrated 
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Fig. 4— Vertical load versus tire deflection — calculated and 
tested values 
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Fig. 5 — Illustration of lateral elasticity of the pneumatic tire 
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Fig. 6 — Components of lateral tire force 


one, the point of application of the latter will be located 
behind the wheel axis. The horizontal distance between the 
point of application of this force and the wheel axis consti- 
tutes the moment arm of this lateral tire force. In tire term- 
inology, this moment arm is known as pneumatic trail. 

The reaction caused by the lateral elastic force acting 
on the wheel rim is a lateral force acting between the tire 
and the road surface. This lateral reaction is confined with- 
in the contact area and is limited by the friction between 
the tire and road surface. The lateral force acting between 
the tire and road is that part of the total available friction 
force, at the tire contact area, which is utilized as the re- 
action to the elastic force. In tire mechanics we usually de- 
fine lateral force as a lateral force acting between the tire 
and the road surface. 

The moment produced by lateral tire force about the ver- 
tical axis through the center of the wheel is called aligning 
torque. Aligning torque also can be defined as a product of 
the lateral tire force and the pneumatic trail. The lateral 
tire force acts perpendicular to the plane of the wheel and 
can be resolved into two components: cornering force and 
cornering drag (Fig. 6). Cornering force is defined as a 
component of the lateral tire force acting perpendicular to 
the direction of motion. Cornering drag constitutes a com- 
ponent of the lateral tire force in the direction of motion. 
The cornering drag is additive to rolling resistance of a tire. 

The angle between the direction of motion and the plane 
of the wheel is defined as slip angle. Slip angle represents 
a cohvenient measure of lateral tire deflection. The term 
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Fig. 7 — Free body diagram of developed circumference of a tire 
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Fig. 8 — Simplified free body diagram of a tire 


"slip angle” is rather a paradox, because this angle can be 
produced only when no slip or sliding between tire and the 
ground takes place. The process of producing the slip angle 
can be described as follows: 

When a tire element touches the ground, friction causes 
it to travel in the direction of motion; however, the upper 
part of this element, being attached to the rim, continues 
to move in the plane of the wheel. Therefore, each ele- 
ment will deflect laterally and this deflection will progres- 
sively increase from the front toward the rear of the contact 
area. Assuming that the lateral rate of all elements is con- 
stant, we conclude that the deflection of each element will 
produce a force proportional to its deflection. Therefore, 
the progressively increasing deflection of the tire elements 
along the contact area will result in progressively increasing 
force. When the lateral force at the tire element reaches 
the value of friction force, the tire element breaks loose and 
slides laterally toward its initial undistorted position. 

The free body diagram of the developed circumference 
of the laterally deformed tire is shown in Fig. 7. Area AB 
C D represents the lateral elastic force acting at the wheel 
rim and the area bounded by the curve B E C represents lat- 
eral tire force between the tire and the road surface. The 
lateral elastic force is equal to lateral tire force between 
the tire and ground. Therefore, areas shown in Fig. 7 are 
also equal to each other. By substituting single forces for 
the distributed forces, we have to apply these forces at the 
c.g. of the areas bounded by the curves ABC Dand BEC. 

Elastic force and lateral force at the contact area pro- 
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duce the same moment about the vertical axis through the 
geometrical center of the wheel. Therefore, c.g.'s of the 
areas bounded by the curves AB C D and B EC are located 
at the same distance behind the center line of a wheel. Then 
the free body diagram of the tire can be represented simply 
by single forces applied at the center of the wheel perpen- 
dicular to the wheel plane, combined with moments about 
the vertical axis through the wheel center (Fig. 8). 

Review of Existing Tire Theories - Tire theories develop- 
ed in the past can be broken down into two major categories. 
One group is based on study of lateral elastic forces around 
the whole circumference of the tire. The other is concerned 
with lateral force between the tire and the road surface. Von 
Schlippe's (5) and Fiala's (6) theories can be considered typ- 
ical representatives of these two categories. Von Schlippe's 
theory was based on an assumption of linear path of travel 
of the tire element within the whole length of the contact 
area. Deformations of a tire outside the area of contact 
were described by an "e” function. Lateral tire force was 
expressed in terms of lateral tire deflections and other 
parameters. Difficulties associated with measurement of 
lateral tire defelction limit the practical application of Von 
Schlippe's (5) theory. Furthermore, assumption of linear 
deformation within the whole length of the contact area is 
valid only for uniform pressure distribution and small values 
of slip angles. 

Fiala (6) determines lateral force from deformation of 
the tread relative to the deformed carcass. He assumes that 
lateral displacement of the tread in relation to the carcass 
takes place only within the contact area. We believe that 
this assumption can be justified only in the case when the 
tread is divided into a series of separate lugs. On modern 
tires, the tread forms a continuous band and its deformation 
cannot be confined within the contact area. As a result of 
this assumption, the values of aligning torque calculated 
from Fiala's equations are lower than those obtained from 
tests. In spite of limitations discussed above, the theories 
of Fiala (6) and Von Schlippe (5) can be considered as the 
most fundamental and significant works in the field of tire 
mechanics. 


Fig. 9 — Lateral force diagrams superimposed on friction force 
diagram 
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New Tire Theory - Due to the immense complexity of 
tire mechanics, it is very difficult, if not impossible, to de- 
velop mathematical equations describing lateral tire force 
and aligning torque without using a number of simplifying 
assumptions. 

Before discussing the present theory and the assumptions 
on which it was developed, let us attempt to describe ac- 
tual lateral tire characteristics as we see them. Fig. 9 shows 
the lateral elastic force diagram ABCG'DEF superimposed 
by the curves CG and ICJGDK, representing lateral force in- 
tensity between tire and ground and friction force intensity, 
respectively. The lateral elastic force diagram can be 
broken down into three regions, one which lies within the 
limits of the contact area and two which are outside of it. 

Extensive experimental study of lateral tire force between 
the tire and ground was conducted by Gough (7, 8) and 
Cooper (9). These authors measured distribution of lateral 
tire force and lateral deformations across the length of the 
contact area with a specially designed apparatus, 

Lateral deformations along the circumference of a tire 
were studied experimentally by Huber (4) by painting ref- 
erence lines on the tread of a tire and photographing their 
lateral distortions. Observations of these distorted lines in 
the regions outside the contact area show that these lines can 
be considered as exponential curves. This confirms the 
validity of Von Schlippe's (5) approach in the regions out- 
side of the contact area. Therefore, curves AB and EF in 
the outside regions of the elastic force diagram can be ex- 
pressed by an "e” function. 

The region within the contact area can be divided into 
regions of adhesion and sliding. It is generally accepted that 
sliding occurs in the rear part of the contact area. It starts 
at the point G, where intensity of lateral force between tire 
and ground reaches the value of friction force intensity. How- 
ever, we believe that sliding also takes place in the front 
region of the contact area. The sliding in the front part of 
the contact area is due to the fact that within the region be- 
tween points B and C the intensity of elastic force exceeds 
that of the friction force. Within this region, the tire ele- 
ment is subjected to forces transmitted to it from the adhe- 
sion zone and also to progressively increasing friction force. 
This results in rather complex motion of the tire element 
which is neither exponential nor linear. The adhesion starts 
first at the point C where intensity of friction forces reaches 
the intensity of elastic force. Therefore, on our diagram 
shown on Fig. 9 the length of adhesion region can be expres- 
sed as a difference Xg - Xc. Linearity of the path of travel 
of a tire element ends at the point G1 and not at the point 
of intersection of the elastic force curve with theefriction 
force curve (Point D). 

The above discussion assumes parabolic pressure distri - 
bution across the length of the contact area. The validity 
of this assumption has been confirmed by experimental find- 
ings of Martin (2). 

Due to nonuniform distribution of lateral forces between 
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the tire and the ground, deformations of the tire within the 
elastic trail regions are greater than those in the elastic lead 
regions. This results in a larger component of elastic force 
produced by deformations in the elastic trail region, which 
in turn results in an increase of aligning torque. The com- 
ponent of aligning torque produced by the unequal elastic 
force components in the regions outside the contact area is 
additive to the torque resulting from unequal deformation 
distribution within the contact area. 

This explains why the values of aligning torque obtained 
from tests are higher than those calculated from deforma - 
tion of the tread within the contact area. 

Present theory determined the lateral force as being an 
elastic force acting on the wheel rim. Since it is very dif- 
ficult to express this force mathematically, we substitute for 
it another force which has the same magnitude and produces 
the same moment about the vertical axis through the center 
of the wheel as the actual elastic force. However, the dis- 
tribution of this substitute force is greatly simplified, com- 
pared to that of actual elastic forces. In the discussion be- 
low, we will refer to this substitute force as a lateral force. 
The moment produced by this force about the vertical axis 
through the center of the wheel will be referred to as an a- 
ligning torque. Intensity of the lateral force is derived from 
deformation of the tire, assuming linearity between force 
intensity and corresponding deflection. Deformation of the 
tire is the lateral displacement of the center of tire tread 
with respect to the center line of the rim. Tread is treated 
as a part of a carcass. Therefore, relative deflection of the 
tread with respect to the carcass is not considered. The as- 
sumption is made that a tire element first starts to deflect 
laterally at the point of entry into the area of contact. Ac- 
cordingly, elastic lead is omitted in this simplified repre- 
sentation of lateral force. Furthermore, it is assumed that 
lateral deflection of the tire element increases linearly dur- 
ing its motion from the front toward the rear until lateral 
force intensity reaches the value of friction force intensity. 
At this point, which is defined as the breakaway point, the 
tire element starts to break loose and slide back toward its 
original undisplaced position, The distance measured along 
the center line of the rim, between the breakaway point and 
the front end of the tire contact area, is defined as the length 
of the adhesion region, Within this adhesion region, the tire 
element describes a linear path which is parallel to the ve- 
locity vector of the wheel. Therefore, the angle between 
the path described by the tire element and the wheel is the 
slip angle. Assumption of linearity of the path described by 
the tire element can be justified only when the radius of 
curvature described by the wheel is considerably larger than 
the length of the contact area. It is assumed that a tire ele- 
ment returns to its initial position at the center line of the 
undistorted tread, not at the rear end of the contact area, 
but some distance behind it. The distance between the rear 
end of the contact area and return point, measured along the 
wheel rim, constitutes the length of the elastic trail region. 


| 
| 
| 
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We assume a linear path of travel of the tire element within 
the elastic trail region and also in the adjacent rear portion 
of the contact area, where lateral force intensity exceeds 
friction force intensity. 

The friction force intensity is determined by assuming 
parabolic pressure distribution along the length of the con- 
tact area and constant pressure distribution across its width, 

Lateral force Diagram a, constructed subject to the as- 
sumptions discussed above, is shown in Fig. 10. This dia- 
gram is superimposed on friction force Diagram b. Both 
diagrams are plotted in the XY coordinate system whose 
origin is chosen to be at the front end of the contact area on 
the center line of the wheel rim. The Y axis is chosen to 
be parallel to the axis of wheel rotation and, consequently, 
the X axis is parallel to the plane of the wheel. Symbols 
shown on the diagram are explained in Table 1. 


The ratio of length of effective area of application of 
lateral force to length of the contact area is defined as the 
elastic trail coefficient. This coefficient is determined ex- 
perimentally from actual measurement of aligning torque 
value in the same way that unit rate is obtained from the 
experimentally obtained value of lateral force. Measure- 


Table 1 - Symbols Used in Fig. 10 


F - Front end of contact area 
R - Rear end of contact area 


A - Breakaway point 

E - Rear end of elastic trail region 
Xq - Length of adhesion region 

ly - Length of contact area 

11 - Effective length of application of lateral tire force 


Fig. 10 — Simplified lateral force diagram superimposed on 
friction force diagram 
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ment of aligning torque and lateral force will enable us to 
calculate the values of elastic trail coefficient and lateral 
unit rate from tire equations. (See Eq. (34)and (35) in the 
Appendix.) Assumptions made previously of proportionality 
between force intensity and lateral tire deflection allow us 
to represent lateral deformation of the tire by a diagram 
shown in Fig. 11, which is similar to the force diagram 
shown in Fig. 10 above. Angles a and 8, shown on the 
lateral deflection diagram on Fig. 11, are slip angle and 
elastic trail angle, respectively. Elastic trail angle is de- 
fined as an angle between the plane of the wheel and the de- 
formed center line of the tread, within the elastic trail re- 
gion and the adjacent part of the contact area. 


The equation of lateral tire force (Eq. 34) was derived by 
integrating the area FAE shown on Fig. 10. 

The mathematical expression of aligning torque (Eq. 35) 
was obtained by taking moments of the area FAE about the 
center of the contact area. Here we assume that the center 
of the contact area coincides with the center line of the 
wheel axis. 

Effect of Camber Thrust on Lateral Tire Force - Camber 
thrust is defined as a horizontal lateral force between the 
tire and road, produced due to an angle between the plane 
of the wheel and the vertical (Fig. 12). This angle is called 
the dynamic camber angle, to distinguish it from static 
camber used in automotive design practice. Camber thrust 
always acts in the direction in which the top of the wheel 
leans. Since in most modern cars the wheels lean toward 
the outside of a turn, camber thrust opposes lateral tire force, 
thus reducing the latter. The value of camber thrust can be 
computed from Eq. (46), shown in the Appendix. 

We consider the dynamic camber angle as being positive 
when the wheel leans in the same direction in whichit turns, 
Therefore, positive dynamic camber angle produces positive 
camber thrust, which is additive to the lateral force. Nega- 
tive dynamic camber angle produces negative camber thrust, 
which opposes the lateral tire force. 

Camber thrust also affects the effective coefficient of 
friction between the tire and road surface which can be util- 


Fig. 11 — Simplified lateral deflection diagram 
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Fig. 12 — Camber thrust 


ized by the lateral tire force produced by slip angle. The 
static coefficient of friction between the tire and the road 
surface is defined as the ratio of a maximum resultant hori- 
zontal force between the tire and road surface to the verti- 
cal wheel load. When the noncambered wheel rolls under 
slip angle and only lateral force produced by the slip angle 
acts upon it in the horizontal plane, the effective coefficient 
of friction available for this force is equal to the static co- 
efficient of friction. We ignore the force resulting from tire 
rolling resistance as being small and also do not consider 
sliding in certain parts of the contact area. 

In the case of a cambered wheel subject to a slip angle, 
only a part of the static coefficient of friction can be util- 
ized by the lateral tire force produced by slip angle, if cam- 
ber thrust and this lateral force are acting in the same direc- 
tion. The effective coefficient of friction will be equal to 
the difference between the static coefficient of friction and 
the ratio of camber thrust to vertical wheel load. There- 
fore, camber thrust, when acting in the same direction as 
the lateral force produced by slip angle, reduces the effec- 
tive coefficient of friction available for the latter force. 

In the case when camber thrust acts in an opposite direc - 
tion to lateral force due to slip angle, it increases the ef- 
fective coefficient of friction available for the latter force. 

The effective coefficient of friction then becomes equal 
to the sum of the static coefficient of friction and the ratio 
of camber thrust to vertical wheel load. 


Effect of Traction on Cornering Force 


Forces Acting on a Tire - In the general case, when pow- 
er is applied to a cambered tire subject to a slip angle, the 


following forces are acting on the tire: 


1. Effective tractive effort. 
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Fig. 13 — Resultant cornering and traction forces acting at the 
tire contact area 
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2. Lateral tire force due to slip angle. 

3. Camber thrust. 

4. Vertical load. 

Effective tractive effort is defined as the resultant longi- 
tudinal force between the tire and road acting in the plane 
of the wheel. The effective tractive effort is equal to trac- 
tive effort less rolling resistance and power transmission loss- 
esinatire. The tractive effort is determined as the ratio 
of wheel torque to axle height. Rolling resistance is defined 
as a horizontal longitudinal force resulting from hysteresis 
losses in a free-rolling tire. Rolling resistance acts in the 
plane of the wheel in a direction opposite to the wheel 
motion. 

Power transmission losses (10) are defined as additional 
hysteresis losses in a tire caused by deformation of the tire 
due to transmission of a torque through the tire. Therefore, 
these losses are equal to the difference between the tractive 
effort produced by the applied wheel torque required to pro- 
pel the tire and the horizontal force necessary to tow the 
tire. 

Let us define cornering force as a component of the re- 
sultant horizontal force between the tire and road surface, 
acting in the direction perpendicular to direction of wheel 
travel. 

Traction force is defined as a component of the resultant 
horizontal force between the tire and road surface acting in 
the direction of wheel motion. 

Then traction force and cornering force can be determin- 
ed simply by resolving effective tractive effort and lateral 
tire forces into components acting in the direction of mo- 
tion and perpendicular to it (Fig. 13). 


Figh =F, cosa - (Fy + Q) sin a 
Py = (Fy + Q) cosa +F, sina (1) 


where: 
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F,1 = Traction force 
Fyl = Cornering force 
Fy = Effective tractive effort 
Fy = Lateral tire force due to slip angle 
Q = Camber thrust 
a = Slip angle 


The component of the effective tractive effort Fy sin a 
acts in the direction of cornering force and thus assists the 
latter. However, the effect of this factor is small compared 
to the effects of other factors which produce reduction of 
cornering force due to power application. Therefore, the 
final effect of power application on cornering force results 
in reduction of the latter. The major factors reducing lat- 
eral force and consequently cornering force are: 

1. Reduction of overall lateral tire stiffness due to re- 
duction of lateral unit rate resulting from power application. 

2. Reduction of effective lateral coefficient of friction 
due to power application. 

Reduction of Overall Lateral Tire Stiffness Due to Power 
Application - According to the concept of spring interaction 
presented in this paper, we find that longitudinal tire force, 
resulting from power application, produces bending of lat- 
eral elementary springs in our tire model. The reduction 
of lateral unit rate due to power application is assumed to 
be equal to the product of the effective tractive effort and 
the lateral bending coefficient. The lateral bending coef- 
ficient is defined as an increment of the lateral unit rate re- 
duction produced by a force equal to 1 1b. Since the tire 
is also subject to vertical load, we might expect an addition 
al reduction of lateral unit rate due to this load. The reduc- 
tion of lateral unit rate due to vertical load is equal to a 
product of vertical load and the lateral bending coefficient. 

The values of lateral bending coefficients depend on the 
direction in which force is applied. Therefore, their values 
for longitudinal forces differ from those for vertical loads. 
The values of lateral bending coefficients are determined 
by internal tire design factors and inflation pressure. They 
are lower for a tire with a stiff carcass and high inflation 
pressure than for a soft tire with low inflation pressure. 

For a given tire, lateral unit rate decreases linearly with 
an increase of forces acting on it. Therefore, power applied 
to a tire operating at a slip angle produces a reduction of 
lateral unit rate, which in turn results in a reduction of the 
overall lateral stiffness of a tire. When a power application 
also produces an increase of vertical load, an additional de- 
crease of lateral stiffness of a tire will result. 

Reduction of overall lateral tire stiffness produces a re- 
duction of lateral tire force. The lateral tire force is a ma- 
jor component of cornering force. Therefore, reduction of 
the former results in a decrease of the latter. 

Reduction of Effective Lateral Coefficient of Friction Due 
to Power Application - When power is applied to a tire op- 
erating under a slip angle, in the limiting case the resultant 
of the effective tractive effort and lateral tire force will 
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reach the value of friction force (Fig. 14). Under this con- 
dition, lateral tire force and effective tractive effort can be 
treated as lateral and longitudinal components of the fric- 
tion force. Therefore, only the lateral component of the 
friction force and not the whole friction force will limit the 
lateral tire force. Since it is more convenient to deal with 
nondimensional coefficients instead of forces, we introduce 
lateral and longitudinal components of coefficient of fric- 
tion. The lateral component of coefficient of friction is de- 
fined as the ratio of lateral component of friction force to 
the vertical load. This lateral component of coefficient of 
friction can also be called effective lateral coeffieicnt of 
friction. In the case of power application, the maximum 
lateral force which could be developed at the tire contact 
area is determined by the effective lateral coefficient of 
friction and not by the static coefficient of friction. The 
effective lateral coefficient of friction can be expressed as 
follows: 


where: 
By =p? — 2 (2) 


where: 


Lt = Static coefficient of friction 
Hx = Effective tractive coefficient 


The effective tractive coefficient is defined as the ratio 
of effective tractive effort to vertical wheel load. The lat- 
eral tire force reduces with a decrease in the effective lat- 
eral coefficient of friction. Since this coefficient decreases 
with an increase of effective tractive effort or a decrease of 
vertical wheel load, corresponding change of these factors 
will result in a decrease of lateral tire force. It is not dif- 
ficult to see that.the reduction of lateral tire force due to 
power application is greater at lower values of static coef- 
ficient of friction and lower values of vertical wheel loads. 
m Since the lateral tire force is a major component of cor- 
nering force, reduction of the former produces a decrease 
of the latter. Therefore, power application, causing a de- 
crease of effective lateral coefficient of friction, reduces 
cornering force and thus affects car handling. 

Effect of Power Application on Elastic Trail - The effec- 
tive tractive effort resulting from power application produces 
deflection of the tire elements in a longitudinal direction. 
On our tire model, it results in deflection of the longitudinal 
elementary springs "X." This produces compression of the 
tire surface within the contact area and in the adjacent for- 
ward region. Deflection of the tire elements progressively 
increases from the front to the rear end of the contact area, 
causing tension in the region behind the contact area. 

An increase of tension in the region behind the contact 
area results in an elongation of the elastic trail and conse- 
quently in an increase of aligning torque and lateral tire 
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Fig. 14 — Horizontal forces at the tire contact area at skid point 


force (11, 12). We assume that the elastic trail coefficient 
increases linearly with the tractive coefficient. Increased 
elastic trail, with increased traction, produces increased lat- 
eral force and increased aligning torque. Increased lateral 
force due to an increase in elastic trail is insignificant, It 
cannot offset a decreased lateral force which is caused by 
a decrease in the basic lateral unit rate and by a reduction 
of the effective lateral coefficient of friction. However, an 
increase of elastic trail is large enough not only to offset the 
decrease of aligning torque due to reduction of lateral force, 
but even to produce a slight increase of aligning torque at 
moderate values of tractive force. This peculiar effect of 
traction on lateral force has an important implication for 
front wheel drive vehicles. Moderate power application in 
cornering produces an increase of aligning torque and de- 
crease of lateral force. 


Theoretical Prediction of Lateral Tire 
Characteristics Under Power Application 


To illustrate theories presented in this paper, calculated 
values of lateral tire forces are plotted against effective trac- 
tive effort in Fig. 15 for slip angles of 1-6 deg. Calcula- 
tions were performed for a 7.50 x 14 tire, 1120 1b vertical 
wheel load, 1.18 static coefficient of friction (18), and zero 
dynamic camber angle. The lateral force curves show al- 
most linear decrease at small slip angles. At extreme pow- 
er application under conditions approaching skidding, lat- 
eral tire forces show a pronounced decrease at a progressive- 
ly increasing rate. The nonlinear reduction of effective lat- 
eral coefficient of friction mainly contributes to this rapid 
decrease of lateral tire force. However, a gradual decrease 
of lateral force at lower values of effective tractive effort 
is caused chiefly by reduction of overall lateral tire stiffness, 
due to decreased lateral unit rate. At larger slip angles, the 
reduction of effective lateral coefficient comes into effect 
at lower values of effective tractive effort than is the case 
at small slip angles. 

This causes an increasing nonlinearity of the curves with 
increasing slip angles. Calculated curves of lateral tire force 
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Fig. 15 — Lateral tire force versus effective tractive effort at 
various slip angles — tested and calculated values 


versus effective tractive effort, shown in Fig. 15, are super- 
imposed on values of lateral tire force obtained from road 
tests. These road tests are discussed in a separate paper by 
C. A. Freeman (13). Calculated values of lateral tire force 
exhibit very good correlation with the test data. 

To obtain the relationship between cornering force and 
traction force, their values were computed from lateral force 
and effective tractive effort. Equations previously shown in 
the text were used for these computations. 

A family of curves showing cornering force versus trac- 
tion force for slip angles of 1-6 deg was plotted from calcu- 
lated values (Fig. 16). These curves are basically similar 
to those shown on Fig. 15. However, the rate of decrease 
of cornering force with an increase of traction force is less 
than that of lateral tire force shown in Fig. 15. This reduc- 
tion in the rate of decrease of cornering force is caused by 
the component of the effective tractive effort acting in the 
direction of the cornering force. At extreme power appli- 
cation near the skid point, cornering force shows a more a- 
brupt decrease than lateral tire force. Calculated cornering 
force versus traction force curves, shown on Fig. 16, shows 
a trend basically similar to the test data published by Huber 
and Dietz (14) and Buck (15). 

When power is applied to a vehicle negotiating a turn, 
the vertical loads on outer and inner wheels are different. 
However, both wheels transmit the same torque. Therefore, 
it is of a practical interest to see how the effect of power ap- 
plication on lateral tire force varies at different loads. Fig. 
17 shows curves of lateral tire force versus effective tractive 
effort plotted from values which were calculated for two dif- 
ferent wheel loads, 1400 and 600 lb. This curve indicates 
that the wheel load is a major factor limiting power appli- 
cation. The effect of decreasing wheel load is as follows: 

1. It reduces the ultimate value of effective tractive ef- 
fort at which a tire starts to skid. 

2. It produces more rapid decrease of lateral tire force 
at low effective tractive efforts. 

Therefore, if both tires are connected together through 
a normal differential and they transmit the same torque lat- 
eral tire force is more greatly reduced on the wheel with 
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Fig. 16 — Cornering force versus traction force at various slip 
angles — calculated values 


lighter load than on the wheel with the heavier load. The 
static coefficient of friction has an effect on the relation- 
ship between lateral tire force and effective tractive effort very 
similar to the effect in the case of vertical wheel loads. 
Curves of lateral tire force versus effective tractive effort, 
shown on Fig. 18, illustrates this effect. These curves are 
plotted from calculated values for coefficient of friction of 
0.9 and 0.4, which corresponds to dry and wet road surfaces. 
These curves illustrate that the effect of power application 
on wet roads is more pronounced than on dry roads. 

To illustrate the effect of power application on lateral 
tire force on tires which have dynamic camber, lateral tire 
force values are computed for +4 and 4 deg dynamic cam- 
ber angle. These curves are shown in Fig. 19. They indi- 
cate that dynamic camber merely shifts the curve but does 
not change the basic trend. Calculated values of aligning 
torque are plotted against effective tractive effort on Fig. 
20: Curves on Fig. 20 show a slight increase of aligning tor- 
que with a moderate increase of tractive effort, which con- 
firms experimental findings of Joy and Hartley (11, 12) and 
Bull (16). Implications of the increase of aligning torque 
due to power application have been discussed previously in 
the text. 

Reduction of the static coefficient of friction has a rather 
peculiar effect on aligning torque. It produces not only an 
overall reduction of aligning torque values with moderate 
power applications, but also reverses the relationship between 
aligning torque and slip angle. 

At a high value of static coefficient of friction (u = 1. 18), 
aligning torque increases with increasing slip angles, within 
the range of calculated values up to 6 deg. However, in re- 
ducing the static coefficient of friction to 0.4 we find that 
aligning torque increases with increasing slip angles only up 
to 2 deg, and then starts to decrease with any further in- 
crease of the slip angle. At extreme power application with 
a tire operating at larger slip angles on a slippery road, the 
aligning torque even reaches negative values (Fig. 21). Ex- 
perience has shown that negative values of aligning torque 
can also be obtained without power application at large slip 
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Fig. 17 — Lateral tire force versus effective tractive effort. 
Families of curves for various slip angles at 1400- and 600-Ib 
vertical wheel load — calculated values 
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Fig. 18 — Lateral tire force versus effective tractive effort. 
Families of curves at various slip angles at static coefficient of 
friction of 0.9 and 0.4 — calculated values 


Effect of Power Application on Vehicle Handling 


The results of theoretical and experimental study of the 
effects of traction on cornering force are important in en- 
abling us to predict the effects of power application on ve- 
hicle handling. The findings of this study also enable us to 
explain the basic difference between the handling character- 
istics of front wheel drive and rear wheel drive vehicles. 

Power application on a rear wheel drive automobile ne- 
gotiating a corner results momentarily in a reduction of cor- 
nering forces at the rear tires. Since cornering forces at the 
front tires are momentarily unchanged, reduction of the rear 
cornering force will produce a yawing moment tending to 
turn the vehicle into the turn. This well-known phenomenon 
is sensed by a driver as a breaking loose of the rear of the 
car and is defined as oversteer. The vehicle can be held on 
the road either by applying a steering correction (steering 
out of the turn) or by releasing the accelerator. By releas- 
ing the accelerator, we cease the power application; this re- 
sults in increased cornering forces at the rear tires. When 
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Fig. 19 — Lateral tire force versus effective tractive. Families 
of curves for various slip angles at +4 and —4 degree dynamic 
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Fig. 20 — Aligning torque versus effective tractive effort at 
various slip angles — calculated values 


the cornering forces at the rear tires reach their initial val- 
ues, the condition of dynamic equilibrium is restored and 
the vehicle resumes its original motion. 

By applying power on the front wheel drive vehicle in 
comering, we momentarily reduce the cornering force at 
the front tires. This produces a yawing moment which tends 
to turn the vehicle out of the curve. This phenomenon is 
known as understeer. A steering correction toward the in- 
side of the turn is necessary to keep the vehicle on the road. 
As a result of this steering correction, we increase the slip 
angle on the front tires, thus increasing the front cornering 
force and restoring the condition of dynamic equilibrium. 
Now let us suddenly cease to apply power; this will result in 
a momentary increase of cornering force at the front, which 
will produce a yawing moment tending to turn the vehicle 
into the turn. This oversteering effect caused by the cutting 
off of the power in a front wheel drive vehicle is familiar 
to front wheel drive automobile owners. 

Now let us evaluate the effects of power application on 
car handling in more detail by applying the tire theory de- 
scribed in this paper. First of all, in the case of a vehicle 
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Fig.21—Aligning torque versus effective tractive effort at 
various slip angles — calculated values 


negotiating a corner, we cannot isolate the effect of power 
application on cornering force from other important factors. 
These factors are: 

1. Change of vertical wheel load due to lateral and fore 
and aft weight transfer. 

2. Change of camber thrust due to change of camber 
angle. 


Therefore, all these effects have to be considered simul- 
taneously. By applying power to an automobile negotiating 
a corner, we increase its speed, which results in forward ac- 
celeration and in an increase of lateral acceleration. This 
will cause an increase of total vertical load on the rear axle 
and also an increase of lateral weight transfer. Since the 
axle torque is equally distributed between both wheels, in 
the case of the car equipped with a standard differential, the 
vertical load at the inner wheel will determine the effec - 
tive lateral coefficient of friction and thus control the break- 
away condition. 

On a rear wheel drive vehicle, the weight transfer due to 
acceleration opposes lateral weight transfer on the rear in- 
ner wheel. This increases the value of effective lateral co- 
efficient of friction, thus improving the ultimate cornering 
ability of the rear wheel drive vehicle. The combined ef- 
fect of power application and change of wheel load on ul- 
timate cornering ability of a tire depends on the value of 
static coefficient of friction between tire and road surface. 
This effect is much more pronounced on slippery roads with 
low static coefficient of friction than on dry pavements. 

On the vehicle equipped with a conventional solid rear 
axle, an additional lateral weight transfer takes place due 
to the driveshaft torque. The effect of driveshaft torque re- 
sults in a load increase at the left rear wheel and load de- 
crease at the right rear wheel. Therefore, ina left turn the 
load increase at the left rear wheel due to driveshaft torque 
opposes lateral weight transfer due to inertia forces and thus 
improves ultimate cornering ability. Since in a right turn 
the effect of driveshaft torque is opposite to that in a left 
turn, we conclude that the rear wheel drive vehicle equip- 
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ped with a solid rear axle has better ultimate cornering a- 
bility in a left turn than in a right turn. 

The effect of power application results not only in re- 
duction of effective lateral coefficient of friction, but also 
in reduction of lateral unit rate of the tire. This latter ef- 
fect reduces the overall lateral stiffness of a tire and results 
in a decrease of cornering force with power on. 

At small values of slip angle with moderate traction ap- 
plication, the reduction of lateral unit rate is a major fac- 
tor determining the decrease of cornering force with power 
on. However, for larger slip angles with fairly extreme 
power application, the reduction of effective lateral friction 
coefficient is a major factor and produces a very rapid de- 
crease of cornering force. The rate of this decrease progres- 
sively increases near the breakaway stage. 

The effect of vertical load on lateral unit rate results in 
nonlinear relationship between the lateral tire force and the 
vertical wheel load (Fig. 22). Nonlinearity between lateral 
tire force and vertical load is a major factor which causes 
a "front heavy” vehicle to understeer and a "rear heavy" ve- 
hicle to oversteer. This nonlinearity also results ina de- 
crease of the sum of cornering forces on outer and inner tires 
due to lateral weight transfer in roll. Therefore, this non- 


linearity between lateral tire force and vertical load ex- 
plains the understeering effect produced by increasing the 
lateral weight transfer in roll. It also explains the under- 
steering effect produced by increasing the lateral weight 
transfer in roll on the front by means of a stabilizer bar. The 
oversteering effect achieved by increasing roll rate at the 
rear and thus increasing lateral weight transfer on the rear, 
is also caused by this nonlinearity. Therefore, by applying 
power we reduce cornering force, not only due to an increase 
of traction, but also due to an increase of lateral weight 
transfer. To compensate for this reduction of cornering force 
due to power application, it is desirable to decrease the lat- 
eral weight transfer in roll on the driving tires. This canbe 
done by changing the distribution of overall roll rate between 
driving and nondriving wheels. 

The amount of reduction of cornering force due to reduc - 
tion of lateral tire rate, as a result of power application and 
lateral weight transfer, depends on the tire size, rim size, 
inflation pressure, and certain tire design factors such as cord 
angle and width-to-height ratio. For a given vehicle, the 
reduction of cornering force resulting from power application 
and lateral weight transfer is reduced as tire size is increas- 
ed. An increase of rim size, decrease of cord angle, an in- 
crease of width to height ratio, or an increase of inflation 
pressure also reduces the amount of change of lateral tire 
force caused by the change from power off to power on. 

Power application on the front wheel drive automobile 
results in reduction of lateral force on the driving tires. Re- 
duction of lateral tire force in this case produces an under - 
steering effect. 

The final effect of power application on handling of the 
front wheel drive vehicle depends on fore and aft weight 
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Fig. 22 — Lateral tire force versus vertical load at various slip 
angles — calculated values 


transfer, lateral weight transfer and dynamic camber. The 
fore and aft weight transfer due to acceleration on the front 
wheel drive vehicle decreases the load on the front tires. 
This decrease of load is additive to the decrease of load on 
the inner tire due to lateral weight transfer. Therefore, 
weight transfer reduces the value of effective lateral friction 
coefficient on the front inner tire. This promotes breaka- 
way of the front inner tire and, therefore, adversely, affects 
the ultimate cornering ability of the vehicle. To counter- 
act this, the lateral weight transfer at the front tires should 
be reduced relative to that at the rear. 


Dynamic camber in most modern passenger cars is such 
that the front wheels lean toward the outside of a turn. 
Therefore, the resulting camber thrust opposes the lateral 
tire force, which results in an additional understeering ef- 
fect. Camber thrust reduces lateral tire force and at the 
same time increases effective lateral coefficient of friction. 
Therefore, camber thrust does not reduce ultimate corner- 
ing ability. Camber thrust produces less abrupt reduction 
of lateral tire force near the breakaway point. Hence, cam- 
ber thrust gives more warning to the driver before the break- 
away point is reached. 


The effective tractive effort at the front wheels produces 
a lateral force component which acts perpendicular to the 
longitudinal axis of the vehicle. This component of the ef- 
fective tractive effort results in a yawing moment about the 
vertical axis through the c.g. of the vehicle. The yawing 
moment tends to turn the vehicle inside the turn. This tends 
to counteract the reduction of yawing moment which is 


caused by reduction of cornering force due to power appli- 
cation. Therefore, this lateral component of effective trac- 
tive effort improves handling of the vehicle. Since the lat- 
eral component of the effective tractive effort increases with 
an increase of steer angle (the angle between the plane of 
the wheel and the longitudinal axis of the vehicle), this force 
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component produces more assistance for cornering in turns 
of small radius than in turns of large radius. This explains 
the fact that the front wheel drive vehicle can reach higher 
ultimate values of lateral acceleration in small radius turns 
than in large radius turns (17). 

The lateral component of the effective tractive effort is 
particularly effective on slippery roads. This contributes to 
superiority in handling of front wheel drive vehicles com- 
pared to rear wheel drive vehicles on slippery roads. 

As mentioned previously, cutting off power on a front 
wheel drive vehicle in a turn results in an oversteering ef- 
fect, caused by an increase of cornering forces on both driv- 
ing tires. However, in most cases, the reduction of corner- 
ing force at the inner tire is greater than that on the outer 
tire. This is caused mainly by an inefficient distribution of 
cornering forces between inner and outer tires. Inefficient 
distribution of cornering forces results from the fact that the 
inner tire usually operates at a larger slip angle than the out- 
er tire. Since the inner tire operates at reduced vertical load 
due to lateral weight transfer, the percentage utilization of 
cornering component of the friction force at the inner tire 
is much higher than that at the outer tire (18). Therefore, 
the inner tire approaches skid conditions much sooner than 
the outer tire. This produces a considerable reduction of 
cornering force at the inner tire. At the same time, the per- 
centage utilization of the cornering component of the fric- 
tion force at the outer tire remains essentially smaller than 
that at the inner tire. Consequently, the inner tire is the 
principal contributor to the total reduction of cornering force 
at the front wheels with power applied. In order to decrease 
the undesirable oversteering effect resulting from an increase 
of cornering force by changing from power on to power off, 
the cornering forces between outer and inner tires need to 
be distributed in proportion to their respective cornering 
components of the friction forces. If cornering components 
of the friction forces of both tires are utilized equally, a sig- 
nificant reduction of cornering force will occur only in ex- 
tremely severe cornering, when both tires are approaching 
skid conditions. Therefore, in most driving situations, nei- 
ther of the tires will reach a critical condition and the drop 
in cornering force due to power application will be substan- 
tially reduced. 


The driver's "feel" of the steering wheel is also an im- 
portant factor in vehicle handling. This "feel" is produced 
mainly by steering effort whose major source is aligning tor- 
que. Aligning torque increases with increasing slip angle, 
reaches a maximum at a certain value of slip angle, and 
then starts to decrease with a further increase of slip angle. 
The value of slip angle at which aligning torque reaches its 
maximum reduces with a decrease of static coefficient of 
friction. Therefore, in driving on a dry concrete road, a- 
ligning torque increases within the normal operating range 
of slip angles, 1-6 deg. Hence, negotiating a given radius 
curve on a dry pavement at a lower speed requires less steer - 
ing effort than the same cornering maneuver at higher speed. 
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By repeating the same cornering maneuver on slippery pave- 
ment, we find a reverse trend -- that is, less steering effort 
at higher speeds than at lower speeds. A moderate power 
application on a front wheel drive vehicle while negotiating 
a corner results in a slight increase of aligning torque, pro- 
vided the slip angle remains constant. A severe power ap- 
plication produces rapid decrease of aligning torque. In driv- 
ing on slippery roads, negative values of aligning torque can 
be reached with large slip angles. Application of power to 
the front wheels aggrevates this tendency. 


Conclusions 


1. A tire is a three-dimensional spring. 

2. A mathematical model of a tire element can con- 
sist of three springs connected together. The axes of sym- 
metry of these springs are mutually perpendicular. 

3. Forces applied to any one of the springs comprising 
a tire element produces bending of the other two related 
springs and this results in a decrease of their respective rates. 
This phenomenon is called "interaction effect.” 

4. "Interaction effect" is a major factor which count- 
eracts nonlinear tire characteristics and so produces approx- 
imately linear relationship between vertical load and deflec- 
tion within a limited range of applied loads. 

5. “Interaction effect" causes a reduction of overall 
lateral stiffness of a tire with an increase of vertical load. 

6. "Interaction effect" is one of the two major factors 
which reduce lateral tire force when power is applied. 

7. The effective lateral coefficient of friction is re- 
duced with increasing applied power and also with decreas- 
ing vertical load. This is the other major factor which re- 
duces lateral tire force when power is applied. 

8. Lateral tire characteristics are described by lateral 
tire force and aligning torque. Lateral tire force is derived 
from deformations of a tire both inside and outside the con- 
tact area. 

9. Camber thrust acting in the direction of lateral tire 
force has two opposite effects: it is additive to lateral tire 
force but reduces the value of the latter due to reduction of 
the effective lateral coefficient of friction. 

10. Cornering force and traction force are composed of 
components of lateral tire force, camber thrust, and effec- 
tive tractive effort acting respectively perpendicular and 
parallel to the direction of motion. 

11. Moderate power application increases elastic trail 
and aligning torque. Aligning torque decreases with severe 
power application. 

12. The effect of power application on cornering force 
has important implications in car handling. It produces an 
oversteering effect on rear wheel drive vehicles and an un- 
dersteering effect on front wheel drive vehicles. 

13. The oversteering tendency of the front wheel drive 
automobile evident in changing from power on to power off 
is also caused by the effect of power application on corner- 
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ing force. 

14. The theory developed in this paper can be applied 
to predict the effect of traction on cornering force. Calcu- 
lated values of lateral tire force during power application 
show very good correlation with values obtained from tests. 


The mathematical part of this paper is separated from 
the text and is placed in the Appendix in order to relieve 
the reader from the details involved in derivation of tire 
equations. 

Equations (34) and (35) are the principal tire equations 
which describe lateral tire force and aligning torque as func - 
tions of slip angle, vertical tire load, effective tractive ef- 
fort, coefficient of friction, and camber angle. These e- 
quations are supplemented by various auxiliary equations. 
The application of tire theory for the mathematical predic- 
tion of handling characteristics of a vehicle in the design 
stage is beyond the scope of this paper. 

Tire equations have been programmed on an IBM 650 
computer and provisions were made for plotting tire curves 
on an XY plotter. A separate computer program has been 
developed for calculation of tire constants from the test 
data. These tire constants are used as an input in car hand- 
ling equations, thus describing the effect of a tire on vehicle 
behavior. 


Appendix 


List of Symbols 


1, = Length of contact area (in.) 

1, = Length of effective area of application of lat- 
eral force (in. ) 

s = Width of the contact area (in. ) 
Smax = Maximum width of contact area (in. ) 
r = Tire static radius without load (in. ) 

Iy = Tire rolling radius under load (in. ) 

ty = Tread radius (in.) 

X, = Length of the adhesion region (in. ) 

Xp = Distance between front end of contact area and 
point of intersection of elastic trail line with 
lateral deflection curve produced by friction 
(in. ) 

Xg = Distance between front end of contact area and 
point at which elastic trail line becomes tan- 
gent to deflection curve produced by friction 
(in. ) 

y = Lateral tire deflection at any point within or 
outside contact area (in. ) 

yf = Lateral deflection of tire element produced by 
friction at any point within contact area (in. ) 

Yq = Lateral deflection of tire element at any point 
within adhesion region (in. ) 

Ye = Lateral deflection of tire element at any point 
outside adhesion region (in. ) 
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Yo = Lateral deflection of element due to camber 
(in. ) 
Zmax = Vertical deflection of tire, measured at center 
of contact area (in. ) 
a = Slip angle (radians) 
B = Elastic trail angle (radians) 
@ = Dynamic camber angle (radians) 
Cy = Lateral unit rate (1b/in./sq in. = Ib/cu in.) 
Cz = Vertical unit rate (1b/cu in.) 
Cyo = Basic lateral unit rate (1b/cu in. ) 
c = Basic vertical unit rate (1b/cu in. ) 
Cyx = Lateral bending stiffness coefficient in the lon- 
gitudinal direction (in. ~3) 


Cyz = Lateral bending stiffness coefficient in the ver- 
tical direction (in. -3) 
Coz =) Vertical bending stiffness coefficient in the ver- 
tical direction (in. -3) 
e€ = Elastic trail coefficient (nondimensional) 


€9 = Basic elastic trail coefficient (nondimensional) 
€x = Elastic trail tractive coefficient 


(nondimensional) 
= Deformation coefficient (nondimensional) 
LL = Static coefficient of friction between tire and 
road surface (nondimensional) 
ye = Effective lateral coefficient of friction (includ- 


ing effect of camber)(nondimensional) 
Hy = Effective lateral coefficient of friction (exclud- 
ing effect of camber) (nondimensional) 
lx = Effective tractive coefficient (nondimensional) 
p = Pressure between tire and road surface 
(1b/sq in. ) 
Pmax = Maximum pressure between tire and the road 
surface (1b/sq in. ) 
Fy = Effective tractive effort (1b) 
F, = Lateral tire force due to slip angle (1b) 
FZ, = Vertical tire load (1b) 
Fyl = Traction force (1b) 
F,1 = Cornering force (1b) 
Q = Camber thrust (1b) 
M = Aligning torque (1b-in. ) 


Vertical Tire Characteristics - The length and width of 
the contact area are expressed by chord equations corrected 
by an empirical deformation coefficient. 


lp = 2k \f 2rZmax - 2°max (1) 
s = 2k \/ 2r12max - 2°max (2) 


Simplifying Eqs. (1) and (2) by omitting a second order 
term Don we obtain 


lo = 2K 2TZmax (la) 


s = 2k \/2ryZmax (2a) 
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Since the value of s is limited by the actual width of 
the tread, Eq. (2a) can be used only when 


S < Smax 
The vertical load acting on a tire is 


lo 
Fz,=s f pdx (3) 
o 


Assuming parabolic pressure distribution across the length 
of the contact area and equal pressure across its width, the 
pressure at any point of the contact area becomes 


eae (x): (4) 
lo lo 


Equation (4) assumes the coordinate origin to be at the 
forward end of the contact area. 

Substituting (4) into (3) and integrating the latter, we 
have 


Pmax 
Fy = lies” los (5) 


where: 
Pmax ~ ©z 4max (6) 
Substituting (6) into (5), we have 


Cz Zmax los 


Baie Seas 52 (7) 


where: 


Cp = ey, toe (8) 


Substituting (1a) and (2a) into (7) and solving the latter 
equation for Zmax we have 


7 3F 


Zmax = 4k 


Z 


Cz \/ ITy 


(9) 


Equation (9) is valid when 


S < Smax 


When s > Smax, 


set $ = Smax 
and use equation (10) below 


1.5F 2/3 
Lats (10) 


k Vr 


1 

Ziaxe= ea 
: 2 
CZ Smax 


Lateral Tire Characteristics - From Fig. 11, the lateral 
deflection of a tire element at any point within the region 
of adhesion can be expressed as: 


Yq =X tana (11) 
Since a is small, 
tanaYa 
and 
Ya =X (11a) 


The lateral deflection of a tire element in the elastic re- 
gion beyond the breakaway point where 


Verve 
becomes 
Ye= (pie ») tanb (12) 
where 
1, = €lg (12a) 
Xa a 
tan B= ge Xa (13) 


Substituting (13) into (12) we have 


Ke Os (Lge EX) 


Yes (14) 


1 huges b,c 
The lateral tire deflection produced by friction force can 


be expressed as: 


tea (15) 


Substituting (4) into (15) we have 


Yf 


it 
4u x 
chy Emax (: if “)s (16) 


Cylo 
In the case where 


Xq = Xq (See Fig. 23) 
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Fig. 23 — Lateral deflection diagram. Condition X, — X, 


then at the point O 


Vere) & 
and 
dy, dy¢ 
dx dx 


By setting X = Xo in Eqs. (14) and (16) and equating them 
we have 


1 
aa 4” Prax 8) 
—A— (1, - x5) = 2 = eva | Viee maeee 
a re) 


Differentiating Eqs. (14) and (16) setting x = xg inde- 
rivatives and equating them, we obtain 


1 
ney (el 4uy p 2x 
pee erry smex ( : 2) (18) 


Substituting (18) into (17) we have 


1 il: , 
4u vy" Pmax 2x 4u x 
y_Pmax ( a 2) Be). Pmax (: y :) A 


= (11 = Xo) 
e Cylo lo 


from which is derived the following equation: 
Xo =1,4V 142 - hqlo (20) 


Then, since 


et 4/12 Atal (21) 
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Substituting (12a) into (21) we have 


eyes (- - \/eE(€ - m (22) 


At the breakaway point, when x = Xa, the intensity of 
lateral force reaches the value of friction force. Therefore, 
deflections produced by each of these forces will be also e- 
qual to each other. 


View = Sis 


By substituting expressions for these deflections from Eqs. 
(11a) and (16) we have 


Solving this equation for x, we have 


a Cyl 
Ka Sd, - mice (23) 
4Hy” Pmax 


Lateral force Fy and aligning torque M produced by lat- 
eral tire deflection y can be determined by integrating the 
following general equations: 

s ydx (24) 


dF, = Cy 


lo 
dM =cy sy {x - S dx (25) 


In the case shown in Fig. 24. where 


=e S, 
X XG 


a 


we integrate Eqs. (24) and (25) within the length of the ef- 


Fig. 24 — Lateral deflection diagram. Condition X. > X, 
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fective area of application of lateral force by breaking this 
area into two major parts: 

1. Region of adhesion. 

2. Sliding and elastic trail region. 


Xy 
Fy = cys J yadx+cys J yedx (26) 
) x 


Xa 1 ly ns s 
oe) 
M=cys J Sars yadx + cys J (:-2) ye 
fe) 


(27) 


Substituting expressions for yg and ye (Eqs. (11a) and 
(14) into Eqs. (26) and (27) we have 


X 1 
dads UT dx (28 
Fy =cys J o xdx + cys J tone (28) 
fe) Xa 


. ] 

i ly 2 2G Col (Oly) = 88) lo 
M=cys J BeOS 9 a xdx + Cys liom See A dx 

fe) ; 


(29) 
After integration 
Sees 30 
Ry ay fa (30) 
1 
M = Oo CylysXa a (214 = 3lo + 2X4) (31) 


The case shown in Fig. 25 represents the condition 
Xq < Xo 


To obtain expression for lateral force and aligning torque, 
we have integrated Eqs. (24) and (25) within the length of’ 
effective area of application of lateral force. In this case, 
the sliding region of the contact area has to be divided into 
two parts: 


1. Region. 
Xg< XS Xp 
where: 
You 
2. Region. 
lo >X2XpH 
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Fig. 25 — Lateral deflection diagram. Condition X. < X, 


where: 


Vere 


Therefore, Eq. (14) is applicable only to the rear part of 
sliding region and not to the whole length of the sliding area, 
as it was in the first case. Consequently, only the rear por- 
tion of the sliding region where 15 > X > Xb can be combin- 
ed with the elastic trail area for the purpose of integration. 
However, part of the sliding region adjacent to the break- 
away point (A) has to be integrated separately. 

Therefore, Eqs. (24) and(25) can be integrated as follows: 


Se) Xb 1} 
Fy =cys J yadx+cys [ yfdx + cys J .yedxin(32) 
Oo X. Xb 


a 1 Xb 
7 ) lo 
M = Cys J ( - 2) Yadx + Cys J ( - %) yfdx 
O Xa 


i 
ly 
+o el (. ; 2 | yedx (33) 


Xb 


And after rearranging terms: 


Xq ly Xb 
Py = Cys i| Yadx + cys f Yedx + Cys J (Yf - Ye) dx 
oO Xq Xa 


(32a) 
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Xb . 
toys J (yp- Ye) (x - >] ax (33a) 


Xq 


The first two terms in Eqs. (32a) and (33a) are the same 
as those in Eqs. (26) and (27). The third term in Eqs. (32a) 
and (33a) become zero when xg = xp and these equations 
become identical with Eqs. (26) and (27). 

After integration: 


Hl 
1 Aly Pmaxs ye at 
Fy <6 ey %a a + fe (Xb°- Xq) 9 


re + XpXq + x | CySX_ & (Xp - XQ) Xp + Xq 
Ae ee ES Oe lane 
31, (ly - Xa) : 


il 
1 Hy Pmaxs 
M = io CylysXxq a (21] - 31, + 2X) + kes: .oiee (Xb - Xa) 


(@) 
E (xp? + XpHX, + X42) - (Xb + Xq) (xp2 + Xa + 10%| . 


CySXq Gl (Xp - Xa) 
Se ee E + Xq) (611 + 31) 
12 (1) - Xa) 


2 a 
- 4 (xp + XpXg + Xq ) Blot | (35) 


The limit of integration xp can be determined from the 
condition 


Vi Sie 
when X = Xp. 


Then by substituting x = Xp in Eqs. (16) and (14) and e- 
quating them we have 


4u 1p x X, & (1) - Xp) 
ee a eo eee (36) 
Cylo lo ly = By 


Rearranging terms in the above equation, we obtain 


4u ‘Pmax’ | spe (2 aDeenns CySXq *) “ 
1.2 b ly ly - Xq 

Cyl sxXaot mA Gin 

ly =X, 
set 
4uy Pmaxs 

a a (38) 

lo 
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= cyl 


rahi (39) 
ly OSE) 


Substituting Eqs. (38) and (39) into equation (37) and solv- 
ing the latter we have 


ee une 2 dab] lo ve 
ae 2 Ve a a ee 

* dusiae VV ee | ora 
noe b Baba coe 
Xb = aur ij cs ert i; % Da (41) 


The values of Hy!, cy, and € used in Eqs. (34) and (35) 
are expressed by the following equations: 


1 2) oer 
Hy LO > px F, (42) 


Cyl Ev Ome ( C yxFx cf CyzFz) (43) 


do | 


Note: Secondary spring rate reduction effect is neglected 
in Eq. (43) because of its relative insignificance. 


€ = €5 + €xHx (44) 
where: 
Ly = Fy/Fz (45) 
and 
se leos (6) 
12r,, 


We treat Q as a separate force which is additive to Fy. 
However, we do consider the effect of Q on Hy! which lat- 
ter affects Fy. 

Equation (46) was obtained from integration of 


ly 


Q= f CyS¥cdx 
fo) 


where yo is expressed by using Fiala's (6) equation: 


$1y°X x 
KE = Neg 
2Twlo lo 


Symbols in Fiala's original equation are replaced by new 
symbols when used in this paper. 
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Table 2 - Parameters of Firestone Tire 


r= 13.6 in. 

tr = 10.2 in. 

Smax = 4-27 in. 
€o = 1.15 (nondim. ) 
€x = 0.20 (nondim. ) 


Coq = 72. 388 lb/cu in. 
Cyg = 128.33 1b/cu in. 
dzz = 0.016 in-3 
2 ya = 0.0512 in73 
2 yx = 0.0357 in-$ 

k = 0. 7737 (nondim. ) 


In the case when 


and 


Eqs. (42), (43), and (44) become 


Cy = Cyo - CyaFz (43a) 
€E=€ (44a) 


Tire Parameters Values - The parameters of 7.50 - 14 
Firestone tire used for calculations of the tire characteristics 
shown in this paper are listed in Table 2. 
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Interactive Effects of Various Spring Rates and 
Reduction of Lateral Tire Force as a Function of 


Power Application Prof. S. K. Clark 
University of Michigan 


MR. BERGMAN IS to be congratulated on such a thorough 
and complete discussion of the many factors which influence 
the development of cornering forces during slip of a tire. An 
anaylsis such as this is particularly valuable since it allows 
a broad, overall view of the phenomenon to be obtained. In 
contrast to this approach, any exact treatment of tire be- 
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havior becomes so complicated, due to the very nature of 
the problem, that one very soon loses sight of the forest for 
the trees. For this reason, papers such as this are helpful, 
even necessary, to the tire and vehicle designer. 

One question which appears to merit some discussion is 
that of the interactive effects of the various spring rates. In 
Mr. Bergman's paper, it is stated that the general effect of 
traction is to reduce lateral spring rates. It would be help- 
ful to know the origin of such a reduction. One possible 
mode of interactive effects arises due to additional stresses 
caused in a tire by the application of traction or braking. 
Due to the severely nonlinear stress-strain curves of tire ma- 
terials, these stresses may cause a movement along the 
stress-strain curve to some new position which, due to the 
nonlinearity, may now have a new slope or effective mod- 
ulus. Another mechanism which may come into play here 
is the actual geometric deformation of the tire itself under 
the effect of traction, and in this case, lateral deformations 
of the tire would then take place on a structure geometri- 
cally different from one free of traction. 


It would appear that considerably more real significance 
could be attached to these interactive effects if one were 
able to attribute them to such real physical facts as men- 
tioned. I do not know of any information concerning the 
stiffening or softening of a tire due to changes in its shape 
brought about by the application of traction forces, and I 
wonder if Mr. Bergman has any data of this kind whichcould 
be made public. 

It would also appear to this reviewer that itis by no means 
self-evident that softening of the tire in the lateral direction 
accompanies traction or braking, and so it would be very 
helpful to have the author comment on the possibility of 
stiffening of the tire under these conditions. 

Another question which this reviewer would like to see 
clarified is that of the degree of the reduction of lateral tire 
force as a function of power application. It is stated that 
this reduction is greater at lower values of static coefficient 
of friction and at lower values of vertical wheel load. Since 
the effect in question appears to be a purely geometric one 
involving the basic stiffness of the tire and the direction of 
the total friction vector, then it is not clear how friction co- 
efficient and vertical wheel load enter into the problem. 

As a last comment, it would be interesting if some state- 
ment could be made as to the general situation which would 
prevail at very low tire deflections, where the low deflec- 
tion relationship is not linear. 


Author’s Closure to Discussion 


I am in full agreement with Prof. Clark's interpretation 
of the physical nature of the "interaction effect" and believe 
that both factors pointed out by him are of great importance. 

The conclusion that tire stiffness decreases with the ap- 
plication of traction was reached from test results referred 
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to in the References. The assumption of linear reduction of 
lateral unit rate with an increasing power application shows 
good agreement with test data and therefore can be justi- 
fied. The phenomenon was explained by bending of the 
springs used inthe tire model. However, this artificial mod- 
el merely illustrates the phenomenon and does not necessar- 
ily explain its true physical nature. The writer has no data 
pertaining to physical changes in the material of a tire dur- 
ing application of traction. 

Tests described inReferences 14 and 16 indicate the possi- 
bility of a relatively insignificant stiffening of the tire as a 
result of light braking application; a further increase of. 
braking results in softening of a tire. 

As stated in the paper, two major factors determine re- 
duction of lateral tire force with power application: inter- 
action effect and effective lateral coefficient of friction. 
Since the second factor reduces with a decrease of static co- 
efficient of friction and a decrease of vertical wheel load, 
power application results in greater reduction of lateral tire 
force at lower values of static coefficient of friction and lo- 
wer values of vertical wheel load. 

The last question brought up by Prof. Clark, regarding 
"the general situation prevailing at very low tire deflection" 
is not quite clear, Presumably, he is interested in the act- 
ual relationship between lateral tire force and later deflec- 
tion. No attempts have been made to develop this relation- 
ship in the paper, either for small or large deflection values. 
Lateral tire force was expressed as function of slip angle, ra- 
ther than of lateral tire deflection. 


Quantitative Determination of 
Lateral Tire Force P 


M. G. Anderson 
Goodyear Tire & Rubber Co. 


THE PLOTTED RESULTS of calculated lateral force, pre- 
sented by Mr. Bergman, show excellent correlation with the 
actual test measurements. We have done some measure- 
ments of lateral stiffness characteristics by applying lateral 
force to the rear axle of a car with one rear wheel mounted 
on a frictionless support, so that all of the lateral force ap- 
plied was counteracted by the lateral stiffness of only one 
rear tire. It was found that the lateral displacement of the 
rear car axle was due to the accumulation of deflections 
consisting not only of the tire, but also to an appreciable 
extent the axle and wheel. A 300-lb lateral force applied 
to the car axle rear shaft created a 0. 510 lateral displace- 
ment at the axle; however, the rollofthe tire itself account- 
ed for only 0.345 in. of the displacement (Fig. A). 

On a percentage basis, the lateral displacement of the 
axle was due to distortions shown in Table A. 

When measuring the steer effects of tire lateral stiffness, 
it is necessary to consider the axle and wheel distortions, be- 
cause the tire may account for only 67% of the lateral dis- 
placement of the car axle. 
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Table A-Distortions Causing Lateral Displacement of Axle 


%o 

Tire lateral roll 67 
Axle shaft bend 18 
Axle housing tilt 7 
Wheel bend 3 
Wheel umbrella-type distortion 2a2 
100 


When a lateral force is applied to a tire at the ground 
contact area, it is common knowledge that a sidewise roll 
is created. Our tests have shown that this sidewise roll ex- 
tends completely around the tire and that the top half of the 
tire rolls in the same direction as the bottom half. In other 
words, the distortion is umbrella type. The actual displace- 
ment of the top of the tire is approximately one-third that 
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at the contact area (Fig. B). 

When a tire is subjected to a lateral force, the tread cen- 
terline is displaced sidewise with respect to the wheel cen- 
terline throughout the entire circumference of the tire, and 
the amount of displacement at the top is approximately one- 
third that which occurs at the ground contact region. 

When working with conventional bias angle tires, we are 
inclined to think of lateral tire stiffness and cornering power 
as closely related characteristics. While they may be close- 
ly related, they are however, not the same. The difference 
between lateral stiffness and cornering power may be illus- 
trated by comparing the belted-type radial ply tire (such as 
the Michelin"X") with a standard bias angle tire. 

A radial ply belted tire has approximately twice the cor- 
nering power of a conventional tire but, at the same time, 
has much lower lateral spring rate. 

Here we have a case of a tire with low lateral spring rate 
and a high cornering power. Cornering power seems to be 
related to the resistance of the tread band of the tire to lat- 
eral bending. For bias angle tires, cord angle changes which 
create higher lateral spring rates also usually add to the lat- 
eral bending stiffness of the tread band. 


Lateral spring rate of a tire has an effect on the steering 
qualities of a tire, because it causes a time lag between the 
creation of the slip angle and the generation of cornering 
force. This time delay or slowness of response of steering 
isa deficiency of control whichis sometimes put in the gen- 
eral class of instability. This slowness of steering response 
is particularly noticeable in belted tires, and it takes some 
time for a driver to get used to it. However, once they do 
get started around a corner, they do have good cornering 
characteristics. 


In regard to tire ground contact pressures (Fig. C), refer- 
ence is made to a report by Herbert Martin in 1936. At that 
time, tires were generally made with comparatively round 
treads and the road contact areashad the shape of long ovals. 
On these tires, the ground pressure across the width of the 
contact area was approximately uniform. However, this 
does not hold true on present-day tires, which have much 
flatter tread radii. I agree that the contact print of modern 
tires is rectangular as Mr. Bergman describes them, but on 
such tires the ground pressure at the shoulder is more than 
twice that at the center of the tread. This is true for a stat- 
ic deflection. If a lateral force is applied, the ground pres- 
sure will be increased on one shoulder and reduced on the 
other shoulder, but still it will not be uniform throughout 
the width of ground contact. 


Mr. Bergman's paper has done much to explain the steer- 
ing characteristics of front wheel drive cars, and I am sure 
that those who have carefully studied his analysis now have 
a better understanding of the influence of tire mechanics on 
car performance. Mr. Bergman has made a considerable 
contribution to the present knowledge of tire mathematics. 


EFFECT OF TRACTION ON CORNERING FORCE 


Author’s Closure to Discussion 


The analysis presented in the paper was concerned with 
quantitive determination of lateral tire force under various 
operating conditions: slip angle, traction, vertical load, 
and camber. 

No attempt has been made to predict quantitatively act- 
ual values of lateral tire deflection or of lateral displace- 
ments of the car axle. The expression for relative lateral 
deflection of a tire was used merely for derivation of the fi- 
nal lateral force equation, rather than for determining the 
actual lateral deflection. 

The lateral properties of a tire were described by a para- 
meter, lateral unit rate, which was calculated from the lat- 
eral force equation for the given test value of lateral tire 
force at the given value of slip angle. Therefore, lateral 
unit rate expresses rather the cornering power of the tire than 
its actual lateral stiffness. 

The writer fully agrees with Mr. Anderson that if one is 
interested in actual lateral displacement of the axle, all de- 
formations listed by him should be considered. 

It is also acknowledged that pressure distribution across 
the width of the contact area is nonuniform; however, the 
simplifying assumption of uniform distribution was necessary 
in order to enable us to treat this very complex problem 
mathematically. 


Standardization of Terms 


W. C. Johnson 
Goodyear Tire & Rubber Co. 


IT HAS BEEN MENTIONED by Mr. Charles A. Freeman of 
Ford Motor Co. that test data has resulted in about 0.10 in. 
treadwear. To the tire industry this is a relatively large a- 
mount and suggests that, unless the tires are reversed fre- 
quently, this wear will be one directional. A tire when 
cornered in one direction, tends to reduce its ability to gen- 
erate as high side force for the same angle as wear develops 
and, if the wear is appreciable, as it apparently is in this 
case, may adversely affect the test data. As mentioned in, 
the agreement which was attained with the calculations of 
Mr. Bergman does support both the experiment and the cal- 
culations as being reasonably accurate. 

I would like to point out a question in terminology. In 
both papers the side force on the tire perpendicular to its 
plane of rotation has been called “lateral tire force", where- 
as the component normal to the longitudinal axis of the car 
is called "cornering force". There exists an SAE definition 
of cornering force under the subject of "Ride and Vibration 
Terminology” as follows: 

7, 52 Cornering force is the force at the road surface, nor- 
mal to the wheel plane, exerted by the road on a wheel roll- 
ing at zero camber and at a given slip angle. 

There is no question in either of these papers as to what 
is meant, but it does seem that further consideration should 
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be given to standardize these terms. 
Author’s Closure to Discussion 


ALTHOUGH MR. JOHNSON'S discussion was addressed to Mr. 
Freeman, two points brought out therein concern the theo- 
retical paper and are therefore answered by the author. 

We fully agree with Mr. Johnson that lateral tire charac- 
teristics are affected by tire wear. However, since the val- 
ues of lateral bending stiffness coefficients employed in cal- 
culations were determined experimentally, the effect of tire 
wear is assimilated in both test and computed values. 

The statement made by Mr. Johnson that "the component 
normal to the longitudinal axis of the car is called ‘corner- 
ing force’ does not agree with the definition of cornering 
force given in the author's paper. Cornering force is defin- 
ed by the author as a component of the lateral tire force act- 
ing perpendicular to the direction of motion. On a vehicle 
negotiating a corner, the direction of wheel motion does 
not coincide with the longitudinal axis of the vehicle. An 
angle exist between the direction of motion of the wheel 
and the vehicle's longitudianl axis. This angle is the sum 
of an angle between the velocity vector at the CG of the 
vehicle and the longitudinal axis plus an additional angle 
resulting from the lateral velocity component due to the 
vehicle's yawing velocity. 

It is true that the author's definition of cornering force 
does not agree with the SAE definition, but it is the one used 
in tire publications and was considered preferable. 


Validity of Simplifying Assumptions 


S.A. Lippmann 
United States Rubber Co. 


MR. BERGMAN HAS undertaken the analysis of a complex 
subject and, much to his credit, the development is ex- 
tremely lucid. The nature of the task appears quite impos- 
ing when one considers the number of interrelationships dis- 
cussed in the paper. Let us for the moment take a simpli- 
fied view of the task Mr. Bergman tackled, in order to treat 
the problem in more general terms. 

As the paper shows, when a tire develops steering forces, 
there are distortions in the contact region, because friction 
tends to hold the tread to the pavement. The tread moves 
further out of the plane of the tire as it progresses through 
the contact region. Usually, there is slipping against the 
road at the end of contact and the tread tends to return to 
the plane of the tire. If friction is insufficient, slippage 
may occur well before the end of contact. The shorter the 
region of adhesion between the tire and the road, the small 
er will be the lateral deflection and the thrust. Since forces 
in the rear half of the contact region are diminished, there 
is a reduction in the self-aligning torque for shorter contact 
areas. The paper also shows that the available friction forces 
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can be exceeded by a combination of elastic forces and trac- 
tive forces. The concepts just outlined are entirely in ac- 
cord with our experience at U. S. Rubber and, as far as we 
know, are generally accepted. 

From these ideas, one might readily deduce the essential 


conclusions of the paper, although this is not outlined here. 
The conclusions are as follows: 

1. The cornering force should decrease with increasing 
tractive demand. 

2. The greater the steering angle, the greater is the, ef- 
fect of the tractive force in reducing the cornering force. 

3. There are conditions for which the cornering force 
might be expected to drop to almost zero. 

4. Variation of the self-aligning torque should exhibit 
dependencies similar to that of the cornering force. 

Mr. Bergman undoubtedly realized that the phenomena 
covered in the paper are dominated by these few concepts. 
The goal, however, is to provide quantitative predictions 
from the theoretical considerations. The paper calls upon 
many experimental and theoretical relationships to support 
the analysis. It unfortunately is the nature of the problem 
that inappropriate assumptions may be balanced against each 
other through the choice of coefficients. Since the form of 
the results are set by the assumptions already noted, the 
choice of many subsidiary relationships is not necessarily 
validated by the agreement of the data and theoretical 
curves. However, if Mr. Bergman had extended his analysis 
to dynamic steering rather than to steady-state steering, he 
might have found some of his assumptions inadequate. I 
would like to indicate a few of our findings that bear on this 
point. 

It has become common practive in the literature to as- 
sume a certain rule for the lateral displacement of an ele- 
ment of tread on high-frictional surface. The lateral dis- 
placement is taken as the product of the slip angle (in radi- 
ans) and the distance from the entering edge of the contact 
patch. This concept is contained in Eq. (11a) of the paper. 
Experiments with cathetometers and photoelectric devices 
show that this is the case only for a particular instant dur- 
ing dynamic steering. It certainly is not the case during 
steady-state. Although the distortion of the contact region 
tends to follow that of the steering angle, from the moment 
of instantaneous steering onward, the lateral distortion of 
the tire increases progressively. The lateral distortion grows 
asymptotically to a value determined by the construction of 
the tire and operating conditions. 

Let me quote data for a 6.40-15 tire. This is an oddsize 
to discuss these days, but it was current in 1950 when we 
were studying some dynamic effects. At approximately nor- 
mal conditions, the tire developed a tread length of 5. 3 in. 
Atl, 2, and 3 deg of slip angle, the maximum lateral dis- 
placements in the contact region were respectively 0.17, 
0.34, and 0.51 in. According to Eq. (11 a), the calcula- 
ted lateral deflections could not exceed 0.0992, 0.184, and 
0.276 in. Hence, the theory is in error by about 100%, 
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Other deflections of the tire, other operating conditions, 
other sizes, and other constructions of the tire show large 
discrepancies with the theory. 


The author has treated the tire as though it were a series 
of adjoining springs. Implicit in this analysis is another as- 
sumption -- that the tire has a zero shear modulus in the 
plane of the tread. Should this shear modulus not be Zero, 
there would be a transfer of stress from one section to the 
adjoining sections. In the absence of this shear modulus, we 
are led to Eq. (26). This equation states that each laterally 
displaced section acts on the rim with an element of lateral 
force porportional to the degree of lateral displacement. 
Tires do have a large shear modulus in the plane of the tread, 
and it is therefore possible for the centrally located regions 
of the contact area to contribute relatively little to the-lat- 
eral force. We are aware of static tests that support the con- 
tention of Eq. (26), but have reason to doubt the validity in 
dynamic tests. 

The choice of model underlying Eq. (26) leads to a fur- 
ther compensating assumption, that the lateral spring rate 
of each differential section decreases as the vertical deflec- 
tion grows. Here, again, I would like to refer to the 6. 40- 
15 tire of 1950. Let us consider the overall spring rate of 
the tire in lateral deflection. The steered tire was running 
at equilibrium against a road surface; the force at the axle 
is measured by stress gages and the lateral displacement of 
the contact area is measured eptically. The lateral spring 
rate is approximately independent of the lateral distortion 
over the usual range of slip angles. As the vertical deflec- 
tion was changed progressively from 0.30 to 1.25 in., the 
lateral spring rate changed linearly from 610 lb/in. to 570 
lb,in. This is merely a 7% variation, and is consistent with 
what one would expect from a high shear modulus in the 
plane of the tread. 

The assumption of zero shear modulus implicit in Eq. 26, 
however, leads to the requirement that as the contact length 
increased with the deflection, the unit spring rate varied 
greatly. Inthiscase, the spring rate for the differential ele- 
ments would have to vary from 156 to 81 1b/sq in. as the de- 
flection changed from 0.30 to 1.25 in. As we all know, 
this lateral spring is not really a coil of wire. The effect of 
a lateral spring comes about from the action of the air pres- 
sure within the tire on the doubly curved surfaces. These 
large changes in unit spring rates do not seem entirely rea- 
sonable from measurements of curvature changes and surface 
inclinations. 

This leads to another point, and this is intended asa crit- 
icism of the general tendency in the literature rather than 
of this paper. The tire is too often treated as a group of 
simple springs. It should be emphasized that the tire devel- 
ops most gross forces because its contours become unsym - 
metrical as a result of some kind of distortion. The air pres- 
sure acts on these unsymmetrical surfaces and produces un- 
symmetrical tensions in the load-bearing members (cords). 
The orientation of these load-bearing members, as well as 
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their tensions, are unsymmetrical; as a consequence, the 
tire develops a net reaction. 

I would like to reiterate my belief that as we understand 
it, the paper contains the essential characteristics of the 
phenomenon it is intended to analyze. There are, however, 
several assumptions of a subsidiary nature whose validity I 
have questioned. 

Before closing, I should like to mention two of the im- 
plications of the curves. The range of tractive efforts cov- 
ered in the study is extremely great. Presumably, these tests 
account for certain kinds of emergency conditions. It would 
be of interest to treat the more prevalent condition of emer- 
gency -- that of braking traction. We also wish to point out 
that additional steering easily compensates for the decrease 
due to traction. At 3 deg slip angle, for instance, the ef- 
fect of 1000 lb of tractive effort is compensated for by in- 
creasing the slip angle to 5 deg. 1000 lb amounts to accel- 
erations of about 1 g. Maximum demands are likely not to 
exceed 0.4 g and this requires a change in slip angle from 
3 to 3.5 deg. 


Author’s Closure to Discussion 


It is not immediately evident how the four conclusions 
enumerated by Mr. Lippmann could be derived from the 
“simplified view" he outlines. although the first three fol- 
low readily enough when one employes the concepts of in- 
teraction effect and effective lateral coefficient of friction 
developed in the paper. Conclusion 4, however, is not in 
agreement with the tire theory developed in the paper; a- 
ligning torque responds to moderate power application quite 
differently than does cornering force, at slip angles of 3deg 
or more, because of the influence of changes in elastic trail 
as explained in the paper and illustrated by comparing Figs. 
15 and 20, 

Possibly because of confusion in terminology. the author 
is unable to agree with Mr. Lippmann's statement that “the 
paper also shows that the available friction forces can be ex- 
ceeded by a combination of elastic forces and traction 
forces. " 

Mr. Lipmann's criticism of several of the simplifying as- 
sumptions used in the paper wouid be perfectly valid, if the 
author's theory were intended to describe the actual tire 
mechanism and its internal stresses and strains. But itshould 
be emphasized that his sole purpose was to find, as a free 
body substitute for the exceedingly complex mechanism of 
the realtire, amathematically tractable model which would 
produce comparable and computable end results in terms 
of forces at the wheel rim and at the road surfaces. Its in- 
ternal behavior is described mathematically only as a means 
of computing its external responses, not to describe, for ex- 
ample, actual lateral deflections in a real tire. 

A case in point is Eq. (11-a), which was used for the sole 
purpose of deriving the lateral tire force and aligning torque 
Eq. (34) and (35). However, even if Eq. (11a) were to be 
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used to compute internal deflections, it should be noted that 
this equation neglects elastic lead; it determines lateral dis- 
placement of a tire element only in relation to its initial 
position at the forward end of the contact area. Since de- 
formation also occurs forward of the contact area, the ini- 
tial position is already subject to a displacement which 
should be added to the value calculated from Eq. (11a), in 
order to arrive at the absolute value of lateral deflection. 
This may explain the 100% disagreement between calculated 
and measured values quoted by Mr. Lippmann. 

Two other assumptions questioned by Mr. Lippmann are 
those of a linear path of the tire element within the adhe- 
sion region, and of proportionality between lateral force in- 
tensity and deflection. Both these assumptions are funda- 
mental in tire theory, both are generally accepted in tire 
literature, and computed values of lateral tire force and a- 
ligning torque based on them agree very well with test val- 
ues. They may not hold true for each individual tire ele- 
ment but, in their overall effect on resultant external tire 
forces, they seem to be fully justified. 

In discussing the implications of Eq. 26, Mr. Lippmann 
apparently questions what he calls a compensating assump- 
tion: namely, the reduction of lateral unit rate with an in- 
creasing vertical load. This is the interaction effect which 
is a key element of the author's tire theory. However, in 
the numerical example he uses to illustrate apparent dis- 
crepancies between theoretical and test values, Mr. Lipp- 
mann compares experimental lateral tire rates with theo- 
retical lateral unit rates: these two rates are actually quite 
different. As vertical load increases, the lateral tire rate 
reduces much less rapidly than does the lateral unit rate, be- 
cause the number of Y-spring elements influencing the lat- 
eral tire rate increases at the same time, thus tending to 
compensate for the unit rate reduction of each element. 

Quantitatively, the assumption in question apparently 
leads to good correlation between the external force output 
of the artificial model and that of real tires. 


Theoretical Assumption Versus 
Current Tire Experience 


R. P. Powers 
Firestone Tire & Rubber Co. 


MR. BERGMAN HAS made some interesting observations and 
explanations which will be of much value. By comparing 
a tire with an assembly of springs and using some basic as- 
sumptions along with available factual data, he has been 
able to predict certain tire performance characteristics which 
up to now have not been available in mathematical form. 

This paper is particulary interesting to tire engineers, 
because in developing his theory as to how tires effect the 
vehicle, Mr. Bergman has actually gone "inside the tire." 
This is a field which tire engineers in the past, particularly 
in this country, have minimized in their technical papers. 
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Those which have been published usually refer to test data, 
or some general tire property, or perhaps to a controversial 
program of the moment. Competitive reasons may be par- 
tially responsible for avoiding this theoretical phase, but I 
believe the more significant reason is that tire development 
has necessarily depended upon much "cut and try" engineer- 
ing. The practice has been to theorize initially and pri- 
vately, and then test if for the final evaluation. 

In reviewing Mr. Bergman's paper, we find that our 
theories generally agree with his. However, some of his as- 
sumptions, as he probably realizes, do not reflect current 
tire experience. Along that line, the following comments 
are offered, to which perhaps Mr. Bergman may wish to 
reply: 

1. Tire contour or tread radius has a significant effect 
on vertical deflection and on pressure distribution in the con- 
tact area: the flatter the contour the smaller the tire de- 
flection; and the unit loading, instead of being parabolic, 
is likely to be high under the tread shoulders and low in the 
center. 

2. The footprint or pad of a free-rolling tire is not usual- 
ly centered under the axle, but is slightly behind it. Braking 
torque moves it back further while driving torque may act- 
ually put it ahead of the axle. 

3. Tread movement with respect to the body of a tire 
may be quite substantial, depending upon how the elements 
are tied together. Whether this has significant effect on the 
proposed formulas is yet to be determined. 

In the way of further substantiating Mr. Bergman's anal- 
yses, it can be shown that moderate torque application re- 
sults in a slight increase in tire deflection, as would be ex- 
pected in an interconnected spring assembly such as Mr. 
Bergman describes. Also, recent measurements of corner- 
ing force and self-aligning torque during brake application 
show a slight reduction in the lateral force and a consider- 
able increase in alignment torque. 

Although tire development is still very much based on 
experience, I wish to point out that strain gages and load 
cells, along with oscilloscopes, XY plotters, and oscillo- 
graphs are being successfully used in tire work just as they 
are in more scientific fields. As a result, new, more real- 
istic data is constantly being obtained, some of which can 
be expected to conflict with what was available before. For 
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example, measurement of vertical, lateral, and longitudi- 
nal forces acting on the tread elements is being undertaken 
with the help of electronic equipment, and data of this na- 
ture may help to clear up some of the unknowns existing. 
Although presently workable with 0-deg slip angles, we hope 
later to obtain measurements during cornering. 


Author’s Closure to Discussion 


The reply to comments presented by Mr. Powers follow 
the order set by him: 


1. The effect of tread radius on vertical deflection was 
expressed in Eq. (9). Equation (6) describes the pressure at 
the contact area in terms of vertical deflection and includes 
the effect of tread radius. For purposes of simplification, 
uniform pressure distribution was assumed across the width 
of the contact area, instead of the nonuniform pressure dis- 
tribution which actually exists. 


2. Fore and aft motion of a tire contact area relative to 
the wheel center line results from deformation of the X- 
springs in the tire model due to application of forces acting 
in the longitudinal direction. The effect of this deformation 
on lateral tire force was explained by the concept of “inter- 
action effect" and was incorporated in tire equations. How- 
ever, this deformation was not expressed quantitively, due 
to lack of necessary experimental data. Therefore, align- 
ing torque was calculated by taking moments about the cen- 
ter of the contact area. 


3. Deflection of the tread in relation to the carcass was 
not treated mathematically. However, the effect of tread 
deformation was incorporated in the empirically determined 
coefficients used in equations of lateral tire force and align- 
ing torque. The tread deformation has a definite effect on 
lateral tire characteristics. An increase of tread deforma- 
tion results in a decrease of lateral unit rate. 


The simplifications discussed above were necessary in 
order to enable the tire to be treated mathematically. The 
actual tire mechanism is extremely complex and it isprac- 
tically impossible to deal with it mathematically without 
using simplifying assumptions. Simplification is justified 
by the good correlation found between calculated and test 
values. 


The Rotating Combustion Engine 


ALMOST AS SOON as inventors and engineers made a suc- 
cessful steam engine in the 18th Century, they were work- 
ing on rotary engines. However, the reciprocating princi- 
ple was more obvious and posed less problems for the oper- 
ating cycle and the sealing of high pressure and was, there- 
fore, predominant for almost two centuries. The first ap- 
plications of the rotary principle canbe traced back to James 
Watt and his co-worker, Murdock, the latter having report- 
edly made a steam expansion engine similar to an ordinary 
gear pump, but with wooden bars as sealing elements. Mur- 
dock's engine delivered half a horsepower and was used by 
him to drive a lathe in his workshop. Other famous engi- 
neers worked on rotary engines, for example, James Eric— 
son, the builder of the first armored steel vessel, the "Mon- 
itor"; Westinghouse; de Laval; and Parsons. None of their 
designs, however, were successful. Other rotary machines, 
such as compressors and pumps, have less stringent require- 
ments for the cycle and the seals than engines. Therefore, 
quite a number of designs using the rotary principles were 
put into practice and became commercial successes. That 
many people were also working on rotary engines is best 
shown by the fact that hundreds of patents were granted which 
display a multitude of configurations and designs. 
Anumber of patents to an Americaninventor, J. F. Cool- 
ey (and the Cooley Epicycloidal Engine Co. ) in the first de- 
cade of this century, and patents to a French inventor, 
Sensaud de Lavaud, shortly before World War II, show in- 
teresting examples of such engines, However no reliable 
test data were ever made available. This can only mean 


one of two things: 
1. The designs were not even capable of short test runs. 


2. The test results were so disappointing that publishing 
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them was not warranted. 

An English book on the history of rotary engines and 
pumps, published in 1939, gave no hope for a successful real- 
ization of a rotary engine. 

In 1926, the German engineer, Felix Wankel, showed in- 
terest in rotary engines and started to study and investigate 
them systematically. He established an institute where he 
also designed and built test rigs for the evaluation of sealing 
elements. As an intermediate result of his research on seals, 
he developed a sealing arrangement for a rotary disc valve 
for a reciprocating engine which was successfully operated 
and tested as a liquid-cooled high performance aircraft en- 
gine. 

In 1951, he was able to reopen his Research Institute with 
the financial assistance of three German concerns. He then 
investigated known and new rotary machines. This study led 
‘him to the conclusion that three main problems had prevent- 
ed the rotating engine from achieving success so far: 

1. The multiplicity of possibilities of arrangements and 
cycles for rotary engines which almost overwhelmed the in- 
ventors, 

2. The problem of sealing high pressure chambers. This 
involved not the simple task of sealing a circular cylinder 
(like the pistion ring in reciprocating engines), but the more 
complex problem of sealing in several planes, with the seal- 
ing of corners as the most difficult. 

3. The problem of developing a proper thermodynamic 
and gas cycle with adequate port areas and timing of events. 


Wankel Engine Principle 


The combination of a suitable geometric and kinematic 
arrangement which offered good sealing possibilities, and 
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could incorporate an efficient cycle within one engine, had 
to be found. Wankel eventually arrived at two rotating com 
bustion engine configurations which appeared superior and 
were subsequently built and operated satisfactorily. 

In both configurations, the engine has two main com- 
ponents, an outer rotor having a cavity within which an in- 
ner rotor is relatively rotable. In practice, the outer rotor 
preferably consists of a center housing and two attached par- 
allel side housings. The two rotors have spaced but parallel 
axes. The inner surface of the center housing is an epitro- 
choid while the outer surface of the inner rotar approximates 
the inner envelope of this epitrochoid during their relative 


¢ OUTER 
ROTOR 


INNER 
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rotation. The apexes of the inner rotor are in contact with 
the epitrochoid at all times which simplifies their sealing. 
The two rotors are rotated in the same direction about their 
respective axis at a speed ratio of the outer rotor to the in- 
ner rotor of n + 1/n when n is equal to the number of lobes 
of the epitrochoid. The speed ratio particularly suitable for 
an efficient and still simple cycle is 3/2. This geometry 
is shown in Fig. 1, 

Two positions of the rotor are depicted which give the 
maximum volume of a working chamber (at bdc) and the 
minimum volume (at tdc). The difference between these 
volumes, of course, constitutes the displacement of the en- 
gine and their ratio the theoretical compression ratio. The 
volume change with rotation is sinusoidal. A cutout in the 
inner rotor provides the actual desired compression ratio and 
a gas transfer passage at tdc. In one configuration, both 
rotors rotate at this speed ratio while in the other configura- 
tion, the outer rotor is stationary and the inner rotor has a 
planetary motion about the axis of the outer rotor. The rel- 
ative motion of the two rotors is, however, the same in both 
cases and will be demonstrated later on. The configuration 
in which both rotors rotate (which will be refered to as the 
"dual rotation” type) has advantages from the standpoint of 
the seal operation and since Wankel was very much concern- 
ed with the sealing problem, this was the configuration on 
which his first engine was based. It was designed by him 
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Fig. 2 —— Longitudal section of first experimental rotating combustion engine with dual rotation (NSU-Wankel) 
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and his associate, engineer Ernst Hoeppner. 
NSU-Wankel Experimental Engines 


The longitudinal section of this engine (Fig. 2) depicts 
the inner rotor and the outer rotor whose parallel axes are at 
a distance e and which rotate in the same direction with a 
speed ratio of 2/3, The engine, therefore, is fully balanc- 
ed and does not have any mechanical vibration, The outer 
and inner rotor are connected by gears which guarantee ex- 
act positioning of the two rotors but do not transmit the en- 
gine torque. The air fuel mixture enters the chambers 
through the carburetor, the hollow shaft of the inner rotor, 
intake ports in the inner rotor and cutouts in the side hous- 
ings of the outer rotor. The inner rotor contains three spark 
plugs, one for each chamber, which are supplied by a break- 
er shown on the right. Both the inner and the outer rotor are 
supported by needle bearings. The outer rotor and, ata 
later stage of development, the inner rotor as well, are wa- 
ter cooled, This dual rotation engine and its gear arrange- 
ment and water cooling make for a rather complex design 
and intake system but it served its purpose in supplying basic 
information on the thermodynamic and gas cycle and the 


performance of the engine. 
Fig. 3 shows the actual engine partly disassembled, the 


Fig. 3 — First experimental engine, partly disassembled. Inner 
rotor with spark plug and intake ports, side housings of outer 
rotor with cutouts, outer rotor center housing showing trochoid, 
engine housing with exhaust outlets 


Fig. 4— Inner rotor 
partly disassem- 
bled showing seal 
side plates with 
strip seals, apex 
seals, and corner 
pins 
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inner rotor, one of its spark plugs and intake ports, the out- 
er rotor with the cutouts in the side housing, and the tro- 
choidal shape of the center housing, the cooling channels 
in the center housing, and the stationary engine housing with 
exhaust outlets. The engine exhaust emerging from the sin- 
gle exhaust port in the outer rotor is collected in an annular 
passage between the outer rotor and the engine housing and 
leaves through these stationary outlets. 

Fig. 4 shows the inner rotor partly disassembled, the sear 
ing plates with sealing strips, the apex seals which are made 
in five pieces for good sealing of the comers, and the pin 
which provides sealing between the sealing strips, the apex 
seals, and the side housings of the outer rotor. 

Under Dr. W. Froede’s direction, this engine was bullt and 
tested by NSU and eventually developed 28.4 hp at 17, 000 
rpm of the outer rotor (11, 300 rpm of the inner rotor) which 
is equivalent to 1.23 hp per cu. in. displacement. 

A single rotationengine of the same displacement was sub- 
sequently designed. It was much smaller and simpler than 
the dual rotation engine although its sealing elements were 
essentially the same. 

At this point in the development, Curtiss-Wright became 
interested in this type of engine because it showed promising 
capabilities with respect to simplicity and costs, complete 
freedom of mechanical vibration, small bulk and weight, 
elimination of speedrestricting valve gear mechanisms, and 
an efficient operating cycle. Curtiss-Wright made a license 
and engineering assistance agreement with NSU and Wankel. 
The company concentrated on a bigger engine, eight times 
the size of the two German experimental engines, and has 
designed, built and tested nine experimental engines of the 
single rotation type with 60 cu in. displacement. 


4 


Curtiss-Wright Engines 


Fig. 5 shows the components of this experimental engine. 
Fig. 6 shows the engine assembled and Fig. 7-11 show the 
cycle sequence: 

1. Fuel-Air Intake. 


2, Fuel-Air Compression. 
3. Fuel-Air Ignition and Combustion. 


Fig. 5 — Components of first Curtiss-Wright rotating combustion 
experimental engine 
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4, Power Phase. 

5. Exhaust. 

In the design, ample margins were provided for the crank- 
shaft, the bearings, and the cooling of the rotor and the hous- 
ings. No major failure occured during hundreds of hours of 
performance and durability testing. 

The sealing system was copied from the small engines. 
Whereas the bigger engine gave advantages in some respects: 
many of the sealing components were not durable enough 
and a more rugged system was worked out and incorporated 
in the rotor. This seal arrangement proved more durable 
and tighter. 


Fig. 8 — Fuel-air compression 


Fig. 6 Experimental engine assembled 
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Fig. 7 — Fuel-air intake Fig. 9 — Fuel-air ignition 
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Fig. 10 — Power stroke — gas expanding — intake opening — 
exhaust closing 
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Fig. 11 — Exhaust 
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Fig. 12 compares the cycle of a single unitrotating com- 
bustion engine with a single cylinder 4-stroke cycle recip- 
rocating engine. Plotted are chambey pressures versus crank 
angle covering four revolutions of the crankshaft for each 
engine. The diagram shows that during these four revolu- 
tions, the reciprocating engine, of course, has two power 
sequences, whereas the rotating combustion engine has four. 
This being significant in itself, the diagram also shows that 
each power sequence of the rotating combustion engine coy- 
ers a wider crank angle than reciprocating engine, the ratio 
being 3/2. 

Consistent with this are, also, the intake and exhaust 
flow, both of which have shorter dwell periods for the rotat- 
ing combustion engine, thus reducing intake and exhaust 
losses and providing a smoother operation for single and 
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Fig. 12 — Chamber pressure versus crank angle, single cylinder 
4-stroke cycle reciprocating engine 
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Fig. 13 — IRC 6 test performance, full throttle, peripheral in- 
take port 
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multi-power section engines. A multi-unit engine has been 
built by stacking power sections with an integral crankshaft. 

Curtiss-Wright designated this engine as the "Rotating 
Combustion Engine". 


Test Results 


Fig. 13 shows the full throttle pertormance of the engine 
equipped with a side port intake. This engine develops 100 
hp at5500rpm which is equivalent to 1.67hp percuin. dis- 
placement. The output curve further shows that the port 
areas are not limiting factors. The torque curve is flat over 
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Fig. 14 — IRC 6 test performance, full throttle, side intake port 
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Fig. 15 — IRC 6 test performance, full throttle, side intake port 
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a wide speed range from about 2000 - 6000 rpm. At the 
lowest speeds, the torque drops somewhat but can be mod- 
ified by other porting as will be shown later, or by further 
development of the engine. In the initial development 
stages, attention has not been directed toward the low speed 
torque end. However, test experience with porting config- 
urations and satisfactory starting at very low speeds has in- 
dicated that improved performance in this regime can cer- 
tainly be obtained if required for certain uses. The specific 
fuel consumption is also flat over a broad speed range and 
shows a minimum consumption of 0. 47-lbs/hp/hr. 

Fig. 14 shows the volumetric, mechanical and indicated 
thermal efficiencies. Consistent with the torque character- 
istic, the volumetric efficiency is high over a wide speed 
range and reaches, with a side port intake, values of 90% 
and more, The mechanical efficiency also reaches almost 
90% at the lowest speeds, indicating that the mechanical 
friction of the engine is low. The mechanical efficiency 
drops at higher speeds, but this is expected to be improved 
with further developemnt. It should be noted that at 100 
hp, the mechanical efficiency still is approximately 80%. 
The indicated thermal efficiency for best economy reaches 
34% over a wide speed range. 


Fig. 15 shows the performance of the same engine but 
equipped with a peripheral intake port. This port further re- 
duces the intake losses and results in correspondingly higher 
airflow and output. The engine delivers 124 hp at 6500 rpm, 
equivalent to 2.05hppercuin., and again shows promise of 
further output increase with speed and some development. 
In the meantine, speeds up to 8000 rpm have been success- 
fully run. 

The volumetric efficiency and airflow in Fig. 16 show 
the high-speed characteristic of this engine, with volumetric 
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efficiencies exceeding 100% and a steadily increasing air- 
flow with speed reaching almost 1100-1bs/hr at 6500 rpm. 
At the present time, the peripheral port engine is slightly 
inferior with regard to air utilization as compared to the side 
port engine. This fact is reflected in a somewhat higher 
specific fuel consumption. This peripheral port configura- 
tion provides good breathing capacity and will eventually 
exceed the side port performance. 

Fig. 17 demonstrates that the engine speed-torque char- 
acteristic can be considerably varied and adjusted to differ- 
ent applications by port area and timing. Whereas the 
“large port” designated engine shows a peak torque of 95- 
ft/lbs at 6000 rpm, the “small port" engine delivered--con- 
sistent with the airflow characteristic--105-ft/lbs at 4000 
rpm. 

Fig. 18 demonstrates the power and fuel consumption as 
a function of the fuel/air ratio for full throttle constant 
speed, The values of 0. 061 fuel/air ratio for best economy 
and 0.073 for best power show good combustion character- 
istics in the engine. 

Having reached the performance figures just discussed, 
various engines were submitted to endurance tests, At full 
throttle and speed, the engine characteristics were consis- 
tent during 100 hrs of operation. This same consistency was 
achieved during cyclic endurance tests consisting of alter- 
nate periods of full throttle and full speed, part throttle and 
full speed, part throttle and reduced speed, and idle. 


Appendix 


Cooling - Liquid cooling has been used for both the hous- 


ing and the rotor. The former is water cooled and the latter 
is cooled by lubricating oil pumped through the main shaft. 
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Fig. 17 — IRC 6 test performance, full throttle, small versus 
large side intake port 
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Fig. 18 — IRC 6 test performance, mixture characteristics, 4000 
rpm — full throttle 


Fig. 19 — Plot of heat input per unit of gas-exposed area 
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Fig. 20 — Schematic of housing cooling system 
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1. Housings. The rotating combustion engine, unlike 
a conventional reciprocating engine, always exposes the 
same stationary housing locations to the same portion of the 
cycle; the variation of heat input per unit of gas-exposed 
area along the trochoid periphery is hown in Fig. 19. To 
match this distribution, the housing cooling was designed as 
a multipass forced-flow system, as schematically illustrated 
in Fig. 20. The cooling liquid flows back and forth through 
the rotor housing and between the end housing walls. The 
rotor housing flow passages are parallel to the engine axis; 
the internal ribbing of the end housings redirects the flow, 
as shown in Fig. 21, where the trochoidal rotor housing is 
in position and the wear face of the end housing has been 
removed. 

The flow area and wetted perimeter, and thus the hy- 
draulic diameter, vary from pass to pass, and are adjusted 
to match the combustion cycle heat input variation. For ex- 
ample, in hot regions of the engine, the flow velocity is 
high; the amount of heat transfer surface, accomplished by 
additional ribbing, is large; and the ratio of the total flow 
area to the total wetted perimeter per pass is small. This 
series forced-flow configuration permits balanced cooling 
with large, clog-free, easy to manufacture passages, and 
avoids vapor accumulation. Furthermore, the large pass- 
ages permit a cooled wet-bolt application. 

This system minimizes temperature variations of the hous 
ings. Thermal distortions are further restrained because of 
the type of structure employed: the outer walls of the hous- 
ings run cold and maintain the designed shapes while per- 
mitting uniformly thin heat transfer walls. The locations of 
maximum heat input correspond to the locations of maxi- 
mum stress, so that the addition of ribs, to improve heat 
transfer, serves to accommodate structural needs as well. 

2. Rotor. The rotor is made from an aluminum forging, 
which offers the benefits of lightweight and high thermal 
conductivity, but requires adequate cooling. 

One of the most successful aluminum rotor designs is cool- 


Fig. 21 — Internal ribbing of end housings 
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ed by forced circulation of oil from the engine lubrication 
system. The cooling circuit is schematically illustrated in 
Fig. 22. Oil is supplied from the hollow shaft, through radi- 
al feed holes in the eccentric, and then to the rotor bearing 
central annulus. The oil then divides, one part to lubricate 
the bearing and the other to cool the rotor. 

Integral fins in each rotor lobe provide adequate cooling 
surface and a small hydraulic diameter. A recess at each 
end of these finned passes acts as a manifold for distribution 
of the oil. 

The oil from the rotor exit, after passing the bearing end 
annulus, is discharged from timed shaft eccentric passages 
directly into the housing drain annulus. 

The oil entering temperature, temperature rise, and peri- 
od of contact with the metal are controlled to avoid coking 
or other lubricant deterioration. To date, we have had no 
evidence of adverse effects in this regard. While the oil 
flow of this design is continuous, the velocity varies asa 
function of the system dynamics: shaft and rotor inertia 
pumping superpose a roughly sinusoidal pressure increment 
onto the oil supply pressure. The cooling oil is metered at 
the exit; in this way, the rotor cavities are maintained full. 

Whereas this aluminum rotor was designed and proved 
suitable for high-performance, high-speed operation a nod- 
ular cast iron rotor has performed satisfactorily for less strin- 
gent conditions in this respect. This was achieved with a 
simpler cooling system and even with no internal oil cool- 
ing at all. 

Ignition - Initial engine tests used automotive ignition 
systems and spark plugs of a normal automotive heat range. 
With increase in power and speed, it was found necessary to 
use a spark plug of very cold design for plug durability, and 
some plug fouling was then encountered. An auxiliary air 
gap at the spark plug reduced the fouling somewhat, but the 
periods between plug changes due to fouling and gap erosion 


Fig. 22 — Rotor cooling 
oil schematic 
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were still not acceptable. 

A Curtiss-Wright designed condensor discharge system, 
which produced a voltage rise rate four times that of an auto- 
motive system, reduced gap erosion and sensitivity to foul- 
ing deposits considerably. The plug change periods were 
increased four to ten times. With a still higher voltage rise 
rate, full power tests for 150 hr, cyclic endurance tests for 
75 hr, and numerous general development tests with no cases 
of plug fouling and a very low gap erosion rate were accom- 
plished. 

The basic system is outlined in Fig. 23. A transistorized 
power supply charges the condensor. When the engine driv- 
en maker closes, the condensor discharges to ground, caus- 
ing a surge of current through the coil primary. This surge 
generates a secondary voltage to fire the spark plug. 

The coil is small and is designed to provide an adequate 
firing voltage even when loaded with a fouled spark plug. 

The usual breaker system is modified to a maker and, at 
the same time, the dwell is much shorter to conserve dc 
power. Due to the high voltage that is being switched, the 
quality of the contact surfaces need not be high to generate 
a reliable spark. 

A standard distributor unit has been satisfactorily run for 
some 800 hr at 10,000 sparks per min. Timing drifted about 
2 deg in the first 400 hr and about 1 deg in the last 400 hr. 
Point gap decreased about 4/1000 in. from the nominal 17 
setting. Spark voltage was normal during this period and 
there was no tendency for the points to weld and stick. 

Fig. 24 shows the plug voltage required by a large, con- 
ventional V-8 engine versus the requirement of the 1RC6 
type in terms of sparks per minute. The rotating combus- 
tion engine requires a lower voltage over the operating speed 
range. 
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Fig. 24 — Engine ignition voltage requirements 


Strength of Materials After Severe and Complex 


ACCURATE METHODS are needed for predicting the effect 
of severe thermal environments on the strength of flight ve- 
hicle materials. Most metallic materials for such applica- 
tions derive a large part of their strength from a hardening 
treatment. The hardening mechanism becomes unstable at 
high temperatures and progressive changes occur which cause 
softening and strength reduction. Addition of stress during 
elevated temperature exposure can have an accelerating ef- 
fect on this strength reduction. These permanent changes 
are additive to the recoverable losses in strength which all 
metals show with increasing temperature. If the effects of 
these variables on materials can be predicted for complex 
environments the useful temperature range can be extended. 

This paper presents an approach for predicting cumula- 
tive losses in short time strength of many materials as a re- 
sult of exposure to complex thermal andstresshistories. This 
approach is based on rate process theory. 


Background 


Many time and temperature dependent metallurgical pro- 
cesses occur in good agreement with the rate process equa- 
tion: 


r eet (1) 
where: 
r = reaction rate 
A = constant 
Q = activation energy for the process 
R = gas constant 
T = absolute temperature 


A very useful time-temperature parameter has been de- 


rived from this basic equation. It is: 
Ol mel(Ce loge) (2) 


where: 


9 is used to identify the parameter 


C = a constant which varies with the material and 
process 
T = absolute temperature 


t = time 
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The units for temperature and time are selected as deg R 
and hr, respectively, for use in this paper. 

This expression was used first by Holloman and Jaffee to 
relate time and temperature for a given final hardness in the 
tempering of steel, (1)* and later by Larson and Miller in 
the creep and rupture of aluminum alloys (2). 

In 1956, Fortney and Avery, working under Air Force 
sponsorship at Northrop Corp., Norair Division, found that 
the same expression could be used to relate time and tem- 
perature in the over-aging of 2024-T3 and 7075-T6 alumi- 
num alloys (3). They extended the use beyond simple ex- 
posures, however, to include complex exposures having up 
to four temperature steps. 

The value of such a development is apparent. It made 
determination of the effect of complex thermal exposures 
on material strength possible without performing a test pro- 
gram for each design situation. Fortney and Avery carried 
their work through the development of generalized design 
curves covering the tensile properties of the alloys studied. 

Further progress has been made since this initial investi- 
gation. A more detailed investigation has been made of the 
71075-T6 alloy covering more complex exposures; strengths 
in compression, bearing, and shear; and the effects of add- 
ing stress to the exposure environment (4). Techniques in 
applying this approach to other alloys (PH15-7Mo, AISI Type 
301 Extra Hard Stainless and Rene’ 41) are currently under 
development (7). 

The 7075-T6 alloy is discussed in detail in this paper 
since this was the study material on which the methods of 
analysis were developed and therefore on which the most 
complete data have been obtained. 


Thermal Exposure Effects 
Aluminum alloy 7075 reaches its maximum strength "T6" 


ee 
*Numbers in parentheses designate References at end of 
paper. 
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condition through a heat-treat procedure which results in a 
controlled degree of precipitation or aging. Further preci- 
pitation results in a lessening of strength and is termed "over 
aging." The precipitation reaction is time and temperature 
dependent, occurring more rapidly as temperature is increas- 
ed. At least two different time-temperature conditions could 
therefore give the same degree of over-aging and result in 
the same final strength. 

If this reaction were to follow the rate process equation 
there would theoretically be an infinite number of combi- 
nations of time and temperature for any given degree of over 
aging, or for any given value of T(C + log t). 

Studies have shown that within practical limits this is the 
case for aluminum alloys 7075-T6 and 2024-T3, and many 
other hardened materials in which similar reactions occur. 
The agreement obtained from test data on the ultimate 
strength of 7075-T6 is shown in Fig. 1 reproduced from Ref. 
(4). Strength values at room temperature and at 300 F after 
prior exposure to various combinations of time and tempera- 
ture are plotted against the exposure parameter T(C + log t) 
using a value of C = 17. Good agreement with the expo- 
sure parameter is indicated for exposure conditions ranging 
from 1 to 100 hr in duration. Data developed by Fortney 
and Avery on this alloy and also on 2024-T3 were in good 
agreement with the exposure parameter (although with dif- 
ferent values of C) for exposure times which ranged from 0.1 
to 1000 hr (3). 

If this agreement persists unaffected by variable or in- 
termittent temperature conditions, then this parameter pro- 
vides a useful method for assessing the cumulative effects 
of complex thermal exposures. The results of a series of 
complex exposure tests on 7075-T6 are shown plotted against 
the same exposure parameter in Fig. 2. These data include 
tests on specimens exposed to two, three, four, or ten in- 
crements of differing temperature-time conditions; some se- 
quences had single direction temperature trends, increasing 
or decreasing, others had well-mixed exposure conditions. 
The single exposure curve of Fig. 1 is reproduced here to 
show the agreement obtained. 


The values of the exposure parameter for each complex 
exposure condition were obtained in the following way: 

1. Each increment of exposure was converted into a value 
of the exposure parameter 0. 

2. The incremental 9 values were then converted into 
equivalent values of time at a chosen reference tempera- 
ture Tref. 

3. The values ot equivalent time were added to tind the 
total equivalent time at Tye for the entire exposure spec- 
trum, as shown in Table 1. 

4, The exposure parameter value, 9 total, for the com- 
plex exposure condition was then computed from Tref and 
the total equivalent time value. 

Correlation in these two cases (Figs. 1 and 2) demon- 
strates that overaging of 7075-T6 follows the rate process 
equation whether the thermal exposure is simple or complex 


with up to LU exposure steps. Similar correlation was also 
demonstrated on 2024-T3 by Fortney and Avery, for up to 
4 temperature-time increments. It is reasonable to expect 
that these materials will continue to demonstrate such agree- 
ment for even more complex cases than those tested provid- 


Table 1 - Total Equivalent Time at Tyef for Entire 
Exposure Spectrum 


Given 

Spectrum Ose TL 7.+,10g t) Equiv. Time at Tref 
Ty. ty 61 Equiv. ty 

OS UD 092 Equiv. t92 

Tots 03 Equiv. t3 


Total Equiv. Time at 
Tref 
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Fig. 1 — Tensile strength of 7075-T6 versus exposure parameter 
— single exposure (4) 
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ed that the effects of transition between temperature levels 
are negligible or are properly accounted for. However, coir 
tinuing agreement for very large numbers of temperature 
changes remains to be demonstrated. 

An area of special interest in these studies is that of vari- 
ation in the best value for the constant C in the expression 
T(C + log t). Among the various alloys studied values of 
C as low as 14 and as high as 40 have been found. Accord- 
ing to the rate process basis for this expression, a change in 
C value should indicate a change in the activation energy 
for the controlling process. It is known that a change in 
chemistry can result in such a Change in activation energy 
and this is probably the most important source of variation 
in C. In tests on two different lots of 7075-T6, values of 
C of 14 (approximately) and 17 gave the best agreement. 
This seems to indicate that very slight changes in chemistry 
can cause a change in the activation energy. Finally in 
some alloys the best value for the constant C apparently in- 
creases between the moderate and the severe (higher tem- 
perature) regions of thermal exposure. Further study is need- 
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Fig.3—Tensile ultimate strength variation with thermal ex- 
posure (4) 
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ed in these latter two areas, 

The basic rate process approach to strength deterioration 
has been applied with fair to very good success to the follow- 
ing aluminum alloys: 2024-T3, 2024-T86, 2014-T6, X2020, 
2618-T61, 7075-T6 and 7079-T6. It has also been success- 
fully applied to the heat-treatment of titanium alloys (9). 
It has already been noted that the tempering of martensitic 
steel is in accord with the rate-process approach. Recent 
studies at Norair have indicated similar agreement for two 
stainless steels, AISI Type 301, Extra hard and PH15-7Mo, 
but some difficulties with the superalloy Rene 41. 


Characteristic Strength Changes 


Practical design situations frequently require other types 
of strength data than ultimate tensile strength; such as yield 
strength in tension or compression, and strength in shear and 
bearing. Fortunately, there is ample justification for ex- 
tending the above approaches to other mechanical strength 
properties, The agreement of data on tensile strength after 
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exposure with a time-temperature relating expression is ac- 
tually an indication of similar agreement on the part of the 
basic metallurgical process. This basic process is thus a tie 
which relates the characteristic changes with exposure of all 
mechanical properties on which it has any effect. 

This concept has been borne out in tests conducted on 
7075-T6 in tension, compression, bearing and shear after 
various exposure conditions (4). The results of these tests 
are shown plotted against the exposure parameter T(17 + log t) 
in Figs. 3-7, wherein each data point plotted represents a 
single test result. It is apparent that this expression relates 
exposure time and temperature for all five types of strength 
at all test temperatures equally well. To further illustrate 
the similar characteristics in these curves, vertical (dashed) 
guide lines have been drawn at key exposure values, Agree- 
ment can be seen in the degree of exposure at which strength 
loss begins to occur and again in the degree of exposure at 
which the process is essentially complete. Furthermore, the 
same general shape of transition curve can be noted in all 
cases, although the range of total strength change does differ, 

Further comparison of the various transition curve char- 
acteristics can be accomplished by relating the strength at 
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any degree of exposure to the interval between the initial 
strength and the annealed strength. This approach is illus- 
trated in Fig. 8. Here the ratio of the remaining strength 
increment (above annealed strength) to the total strength 
range expresses the position of the strength-after-exposure 
value in the range of possible values. This ratio has been 
called the Strength Deterioration Factor and is written: 


D= —— (3) 


where: 
Fg = strength after exposure 0 
Fo = initial strength 
F, = annealed strength 
Ttest = temperature of testing for all values 
Two reference values of strength are needed to use this 
relationship, Fo and Fa, and these are needed for each type 
of strength and for all temperatures under consideration. For 
the 7075-T6 previously discussed, the needed reference val- 
ues are shown in Figs. 9-13. The Fo values in each case 
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Fig.9—Tensile ultimate strength versus temperature before 
and after a reference exposure (4) 
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Fig. 10 — Tensile yield strength versus temperature before and 
after a reference exposure (4) 
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are strength at temperature after no exposure, and the Fj 
values are strength at temperature after a reference expo- 
sure of 6 = 16, 380 (450 F for 10 hr). Use of Fj (nearly an- 
nealed) values instead of Fag (fully annealed) values is a mat- 
ter of convenience and avoidance of scatter found in the fully 
annealed test values; this introduces negative values of the 
D factor but does not change the concept. 

Comparison of all the 7075-T6 data of Figs. 3-7 on this 
basis is accomplished in Figs. 14 and 15. In Fig. 14 ten- 
sion ultimate, tension yield, and compression yield strengths 
at room temperature 200 F, 300 F, and 400 F after single 
and multiple exposures are found to correlate together close- 
ly enough to be represented by a single curve. 

In Fig. 15, shear ultimate and bearing ultimate strengths 
are compared to the single curve from Fig. 14. The same 
trends of the data are evident as before, although there is 
a tendency for the shear strength data to fall slightly below 


the curve and the bearing strength data to fall above. 
The general correlation achieved provides the basis for 
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Fig. 11 — Compressive yield strength versus temperature before 
and after a reference temperature (4) 
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procedures for prediction of strength of 7075-T6. Given a 
complex thermal exposure history, the first step is to find 
the total exposure, 9, by methods previously described. 
Next, the strength deterioration factor D is found either from 
the curve of Fig. 14 or from the empirical expression for this 


curve: 
34. 80 - .202 
(4) 


aie (13, 000<6<16, 380) 


(0 x 1073 - 12, 92)4 + 28,95 


Once D is known, the reference strength values for the 


type of strength and the temperature desired are chosen from 
Figs. Y-13, Finally, the desired strength is tound trom the 


following relationship: 
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derived from Eq. (8), 

This success with 7075-T6 graphically demonstrates the 
value of both the rate process approach to the problem of 
material over-aging and the hypothesis that all types of 
strength symptomatically reflect the same basic change in 
the material and hence tend to exhibit similarities in char- 
acteristics, 

It should be noted, however, that there is no firm basis 
for expecting all mechanical properties to fall exactly on 
the same "D" curve. Ductility for instance, would have to 
follow an entirely different shape of curve, increasing in 
some fashion with increasing exposure. Similarly, any me- 
chanical property attected by ductility such as notched ten- 
sile strength or tear resistance, should also be influenced in 
this direction. Thus, the tendencies for the shear data in 
Fig. 15 to fall slightly below and bearing above the curve 
probably represent real differences in the curve shapes. Ten- 
sile yield and ultimate strength values may also tollow dis- 
tinct paths which differ too slightly to be noticed in Fig. 14. 

Other alloys may be expected to follow more complex 
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behavior patterns. Fig. 16 shows the relative shapes of 2024- 
T3 tensile yield and ultimate strengths. It is obvious that 
this material would not submit to as simple a normalization 
process as 7075-T6, 

Nevertheless, useful characteristic strength changes can 
be found for 2024-T3, It is apparent that peak strengths, mi- 
nimum strengths, increasing strength ranges and decreasing 
strength ranges occur at the same degree of exposure for both 
ultimate and yield strength. These similarities should hold 
approximately true for all strength properties, since all re- 
flect in some symptomatic way the same basic metallurgi- 
cal change. 

The concept of characteristic strength changes provides 
a useful means of comparing the several types of strength. 
In some cases it may facilitate definition of a variety of 
strength characteristics with a minimum of test data. 


Effects of Stress During Exposure 


Periods of stress are a basic part of the exposure environ- 
ment of high strength structural materials, raising questions 
as to the possibility of further accelerating the reduction of 
strength during exposure. Studies on 7075-T6 proved that 
exposure-stress sufficient to produce inelastic strain does in- 
deed have a detrimental effect on residual strength after ex- 
posure (4). 

In this alloy the effect is small for practical degrees of 
strain. This effect correlates very well with the amount of 
inelastic strain accumulated; it also correlates well with the 
exposure parameter found suitable for unstressed exposures. 
These relationships are shown in Fig. 17. 

In Fig. 17, tensile ultimate, tensile yield and compres- 
sive yield strength after stressed exposure resulting in 0. 2% 
and 1. 0% accumulated inelastic strain are compared with 
the unstressed strength deterioration curve from Fig. 14. The 
development of these curves is shown in Ref. 4. 

The manner of using these curves to evaluate strength aft- 
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er stressed exposure is similar to that discussed for Fig. 14 
provided that the degree of inelastic strain is known. For 
designs in which strength at the end of the exposure life is 
critical the maximum permissible inelastic strain is frequent- 
ly 0.2%. For such cases the effect of stress during exposure 
is small and can be simply accounted for by using the 0. 2% 
exposure curve for all situations, rather than attempting to 
determine an exact value of accumulated strain between zero 


and 0, 2%, 
The stressed exposure curves of Fig. 17 may be consid- 


ered accurate for cases where the straining either occurs early 
in the exposure period or is reasonably distributed through- 
out this period. Check tests have indicated that they are 
also sufficiently accurate for straining prior to exposure such 
as might occur during manufacturing where limited form- 
ing may be done in the T-6 condition. Other tests have 
shown that strain which accumulates very late in the expo- 
sure history will have less effect in reducing final strength 
than strain accumulated early or throughout the exposure. 
It can be seen that the largest effect of inelastic strain 
during exposure occurs at the lowest exposure values. Inthis 
region the Bauschinger effect is evident in that prior strain- 
ing causes an increase in yield strength for restressing in the 
same direction and a decrease in yield strength for the oppo- 
site direction of stressing. This should be borne in mind in 
using these curves for cases where exposure stresses in one 
direction may be followed by critical stressing in the oppo- 
site direction; for such cases the lowest curve in Fig. 17 (Fey 
curve) for the given degree of strain should be used. This 
approach has been confirmed by check tests for compressive 
stressed exposure followed by testing in compression. 
The degree of influence of inelastic strain on the final 
strength of thermally exposed materials may be greater for 
some other alloys as has been indicated in the workof Gluck, 
et. al. (8) This should be evaluated when important. 


Use of Hardness Testing 


The above concepts can greatly reduce the testing re- 
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Fig. 18 — Hardness of 7075-16 after thermal exposure, versus 
exposure parameter (40) 
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quired to define the thermal exposure characteristics of new 
alloys. Test effort can be further minimized in a rate pro~ 
cess oriented investigation if test conditions are selected 
strategically. This requires some prior knowledge of the ma- 
terial exposure characteristics. 

Hardness measurement provides an attractive means of 
obtaining this type of information, since hardness tests and 
test specimen are simple. It has been found that within a 
given lot of an alloy, hardness is a good indicator of the 
trends (though not the magnitudes) of strength with exposure 
severity. In addition, hardness depends upon much the same 
basic material properties as do other mechanical strength 
properties and shows similar agreement with the exposure 
parameter. Hardness data for 7075-T6 at room temperature 
after exposure are shown in Fig. 18 plotted against the ex- 
posure parameter used earlier for strength. Good correla- 
tion is indicated. Thus, hardness measurements can be used 
to indicate the exposure region in which material strength 
declines, to give a first check on material agreement with 
a thermal exposure parameter, and to find an approximate 
value of C for the parameter. 

Hardness testing has been used effectively in this way in 
the current studies of AISI Type 301 and PHIS-7 Mo Stain- 
less Steels and René 41. Fig. 19 shows the hardness of 301 
extra hard stainless from such exploratory tests. 


Summary 


The rate process relationship in the form of parameter 
T(C + log t) is a valuable tool for assessing the cumulative 
effects of variable thermal exposure on the remaining strength 
of metallic materials. This tool has been successfully ap- 
plied to precipitation hardened aluminum alloys and is de- 
monstrated in this paper to apply quite wellto 7075 -T6 alloy. 

Strength changes in tension, compression, bearing and 
shear are all related to the same basic metallurgical changes 
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Fig. 19 — Hardness of 301 extra hard stainless after thermal 
exposure (4) 
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occurring during thermal exposure and exhibit similar char- 
acteristics, and a concept of characteristic change was found 
useful in relating the changes in these properties. The ef- 
fects of exposure stress on the remaining strength of 7075-T6 
were found to be significant but small and were found to cor- 
relate well with the amount of inelastic strain accumulated 
during exposure. Hardness testing was found to be useful for 
conducting exploratory studies. 

There is evidence to indicate that the rate process rela- 
tionship describes reasonably well the behavior of a large 
number of hardened alloys during thermal exposure. 
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THE "RIDE" of a car is the total of all the motions and os- 
cillations below the audibility limit which the passengers 
of a car experience. We are interested in ride because it 
determines "Riding Comfort." 

The ride problem is usually subdivided into the three 
areas: basic ride is the body motion of the spring mass; 
wheelhop and shake have to do with the oscillations of the 
unsprung masses and the related deformations of the car 
structure; harshness and noise belong to the higher frequency 
ranges, We shall here restrict ourselves to a consideration 
of basic ride only. 

Although road waves nearly always show complex con- 
tours and although the ride is not a linear process, the basic 
problems of ride can be seen by studying the motion of a car 
over asingle sinusoidal road wave. This is illustrated by 
Fig, 1, It shows a road wave with displacement: 


Yo Qnvt 
y='2x [1 - cos wt | (1) 


where: 


y = Height of wave above original level 
Yo = Maximum height of wave 
v =Car speed 
L = Length of wave 
t = Variable time 
Although there is only one wave, we can define a fre- 
quency as the inverse of the wave length and get: 


Wave Frequency¥ = (2) 
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Fig. 1--Motion of a single point over a single road wave 
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g. 2—Ideal response on small waves 


To start with the simplest problem we shall follow only 
the displacement X of point "A" of the car located exactly 
above the tire and consider it as a single degree of freedom. 
This is shown as the upper curve. 

The first question is this: What should the displacement 
X be onan ideal suspension if the road wave is given by its 
amplitude y, and the length L? At first sight it seems ob- 
vious to require X = 0, but this is the wrong answer. 

Wher the road level and road grade change and also on 
very long waves, the car must follow the road contour stat- 
ically. If we plot in Fig. 2 the required response ratio 
Xmax/Yo as ordinate and the wave frequencyyas abscissa, 
we must require a response of 1.0 between frequency zero 
and approzimately 0.75 cps, This limiting frequency is not 
definitely set by any law of dynamics, but depends on how 
roads and driveways are built and how people expect cars 
to behave. For instance when approaching a ramp, a driver 
will slow down to a certain speed because he knows that a 
car responds just so fast to the new grade. If the car takes 
a longer time, it will strike through severely. Similarly 
with long high waves: if the car reacts slower than the driver 
expects, there will be a severe jolt and at high speeds there 
may be trouble in controlling the car. The improvement 
of highway contours is reducing the difficulties of striking 
through; and ultimately this static response limit may be set 
only by ramps and driveway approaches. 

At high frequencies we will certainly want zero re- 
sponse, and in between there must be a gradual transition 
as shown in Fig. 2. However, there is another limitation 
due to the finite ride clearance "C" which exists on every 
real suspension. If,.the wave height equals the ride clear- 
ance (Yo/c = 1) the ride amplitude X can remain zero, But 
ify is larger than c, then the car must be lifted over the 
wave so that: 


(3) 


Xmax . (Yo°¢) 


Adding this requirement to the plot of Fig. 2 we get Fig. 
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3, showing increased amplitudes for various values of yo/c. 


It seems rather paradoxical to require higher response ra- 
tios for higher waves, especially at high frequencies where 
the resulting accelerations will be large, but that is the in- 


herent consequence of the limited ride clearance. Hence, 


high-speed, off-the-road vehicles need exceptionally large 
ride clearance, 


Actually, Fig. 3 shows only a minimum value for the dis- 
placement which is possible if X remains in phase with y. 
When X lags: in phase as shown in Fig. 1, the amplitude ra- 


tio Xmax/Yo Will have to be even larger, but vertical ac- 
celeration can be decreased by this lag. Hence, for the con- 
dition where yo is larger than c, Fig. 3 shows only the min- 
imum but not the optimum amplitudes. But it is quite clear 
that in order to lift the car over such a wave with the mini- 
mum acceleration no mechanism built into the suspension 
can adjust the lifting to the proper acceleration, unless all 
waves indicate in their first few inches just how high the 
crest will be. Since the road waves are not sinusoidal or of 
any other regular contour, even the "ideal" suspension can- 
not adjust its lift unless it has advance information on the 
maximum wave height. It would need a radar set to meas- 
ure the road surface ahead and a computer to prescribe the 
lift curve for maximum riding comfort. 

A less “intelligent” suspension will have to start lifting 
the car before the ride clearance is used up, even if the 
wave height y, should turn out to be less than the ride clear- 
ance, This means that the zero amplitude in the curve 


yoc = 1 cannot bemaintained when y, exceeds a substantial 


fraction of c, such as 60 or 70%, With practical car dimen- 
sions, this is the case on a large portion of our road mileage. 
The most serious problem of suspension design, even for an 
"ideal" mechanism, is hence not how to obtain zero lift and 
zero acceleration, but how to manage the car motion when 
it is being lifted by a road curve. 


Fig. 4 compares this "ideal" diagram with the "actual” 
performance of a modern suspension. This mechanism, con- 
sisting of spring, damper, and mass has the properties of a 
damped vibrating system and even on a single wave will 
show aresponse factor X;yax/Yo of approximately 1.5 at the 
resonance frequency. It meets the static requirement satis- 
factorily but shows, besides the undesirable resonance, large 
finite amplitudes at all higher frequencies where we would 
like to see a zero response. On a wavy road the motions will 
be many times larger than for the ideal. The diagram shows 
only the action on road waves considerably smaller than ride 
clearance;on the higher waves the comparison will look no 
better, but remains uncertain unless the ideal suspension is 
completely specified for this condition. 

How much can we improve the conventional suspension 
without introducing new elements? The first and obvious 
measure is to drop the spring rate. The effect is demonstrat- 
edin Fig. 5. Here we compare the previous "ideal" and 


660 


a ACTUAL 


RESPONSE RATIO 
x mox /Y ° 
o 
| 


WAVE FREQUENCY CPS 


Fig. 4—Comparison of ideal and actual response 


Ve ACTUAL 


LOW RATE 


vt LOW DAMPING 


RESPONSE RATIO 


WAVE FREQUENCY CPS 


Fig. 5—Improvement in response by low rate and low damping 


"actual" suspension to a "low rate” design, where spring rate 
has been decreased to 25% so that the frequency drops to 
50%; the damping is maintained unchanged and consequent- 
ly the amplitudes at resonance are reduced materially, but 
at high frequencies the "low rate" curve approaches the "ac- 
tual” curve again. This is, of course, a great improvement, 
but at the sacrifice of static response in the range of 0. 25- 
0.75 cps. If this arrangement will be acceptable depends 
entirely on the road conditions in which it is to be used, 
When the damping forces are reduced in the same ratio 
as the spring rate, the "low rate” curve will change to the 
curve marked: “low rate, low damping”. Here the reso- 


nance amplitude is again increased and is the same as for 


"actual", but at higher frequency the amplitudes are further 
reduced. Although this diagram cannot show it, “low rate, 
low damping” will be found to be far better for riding com- 
fort all around than "low rate”, since accelerations and rates 
of change of acceleration are much lower, But it has one 
serious shortcoming; the static response is even worse than 
"low rate" because of more phase lag with respect to the 
road wave. 


R, SCHILLING | 


If we want to understand the effect of damping, we must 
take a detailed look at the forces and motions between car 
and road, From practical experience we know very well 
that spring rates alone do not make riding comfort; shock 
absorber design and adjustment is extremely important. We 
also know from direct experience that these damping forces 


must be strongly nonlinear so that an approximate analysis 
using linear damping will miss the features that are impor- 
tant to riding comfort. 

Let us go back to a diagram like Fig. 1, but follow the 
events in more detail. This is shown in Fig. 6. At the top 
are shown the displacements, y of the road wave and X of 
the single point of the sprung mass. They are plotted as 
functions of distance or, since we assume constant car speed, 
also as a function of time. 

From point 0 to point 1 the displacement y increases fast - 
er than X, hence the clearance decreases; this is the first 
compression stroke. From 1 to 2 the clearance increases; 
this is the first rebound stroke, although in the case shown 
here, the displacement X decreases during the latter part 
of this stroke. From 2 to 3 the clearance decreases again, 
From 3 to 4 we see the 
second rebound stroke; beyond this point it is not necessary 
to follow the motions since the amplitude X becomes fairly 


it is the second compression stroke. 


small, 

The lower part of the diagram shows the forces between 
road and sprung mass. There is first the excess spring force. 
It is almost proportional to relative displacement for small 
displacements as encountered on the boulevard ride. The 
second force is the damping force which is produced by the 
shock absorber and any other source of hysteresis, such as 
friction or dynamic damping in rubber bushings. This is 
definitely not linearand is altogether different in rebound 


than in compression. 
During the first compression stroke the excess spring force 


and the damping force both are directed upward while the 
displacement X is increasing. In this period then the damp- 


Fig. 6—Computed displacements and forces on single wave 
(1940 model) 


RIDE REQUIREMENTS 


ing force increases the upward acceleration. This improves 
the static response, but on the other hand, at all higher fre- 
quencies it introduces undesirably high accelerations. During 
the first rebound stroke the damping force at first tends to 
damp the motion while X is still increasing, but it may 
cause a rapid change of acceleration or jerk and must there- 
fore be limited in magnitude on short and high waves. Dur- 
ing the second part of this stroke, where X decreases, the 
damping force adds to the downward acceleration and in- 
creases the kinetic energy of the sprung mass. 

During the second compression stroke the damping force 
absorbs energy. Since it is not in phase with the spring 
force, it increases the acceleration little or not at all; it is 
wholly beneficial. The same is true on the second rebound 
stroke. 

We see than that from the standpoint of riding comfort 
the damping requirements vary greatly for the different 
strokes, Generally, damping is completely undesirable in 
the first compression stroke, and should be limited also dur- 
ing the first rebound stroke. However, we must use all the 
damping compatible with comfort in the first rebound in or- 
der to stop the motion of the unsprung mass before the car 
meets the next road wave. 

As long as we use shock absorbers that cannot distinguish 
the first compression and rebound from the second, we are 
forced to compromise seriously and cannot establish damp- 
ing specifications from general considerations. Only the 
fact that our shock absorber designers have given us a me- 
chanism that permits quick changes enables us to find good 
tide calibrations by trial and error. 

The displacements and forces shown in Fig. 6 were com- 
puted for the mass, spring and damping characteristic of a 
1940 model car, Fig. 7 repeats the corresponding informa - 
tion for a 1960 model car. A comparison of the two shows 
how our idea of riding comfort has changed. 

During the first compression stroke, the 1960 car shows 
much less damping. On the 1940 model, the impulse (force 
x time) as indicated by the area under the force curves is 
about the same for the spring force and the damping force. 
On the 1960 car, the damping force contributes less than 
halfthat of the spring force. Again, during the first rebound 
strokeon the 1940 car the damping is larger compared to 
the spring force, 

The effects can be seen in the displacement curves, Al- 
thoughboth overshoot the road wave amplitude by about the 
same amount, the 1940 compression displacement at point 
3 in less than a third of that at maximum rise; the 1960 
curve shows still almost 70% of the maximum rise at point 
3. Correspondingly, the forces at points 3 and 4 are much 
larger in 1960 than in 1940. The 1960 car then has obtained 
lesser accelerations and especially lower rates of a change 
of accelerationduring the first compression and first rebound 
strokes, but it has had to accept a longer persistance of mo- 
tion and hence higher accelerations in the second compres- 
sion and rebound strokes, 
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Fig. 7—Computed displacements and forces on single wave 
(1960 model) 


These diagrams of Figs. 6 and 7 do not tell the whole 
story; there are additional difficulties due to superposition 
of waves and especially because we must also damp the 
wheelhop. But even these simple considerations show that 
more refined control of damping force can make more im- 
provement in riding comfort than is obtainable from lower 
ride rates. Inertia controlled shock absorbers have been 
tried and showed some promise in this direction, but they 
were on the whole unsatisfactory because they used mechan- 
ical and hydraulic elements that were not adequate. With 
today's and tomorrow's electronic and hydraulic components 
we should be able to do a far better job in analysing the re- 
quirements and in buliding a superior mechanism. 

So far, we have considered orfly a model with a single 
degree of freedom. Actually, the car moves in three de- 
grees of freedom: bounce, pitch, androll. However, I be- 
lieve that the implications of these features are much bet- 
ter understood than the problem of damping. Various de- 
signers and inventors have demonstrated what gains can be 
had by proportioning front and rear rates or interconnecting 
them as well as by using extremely low rates. 

The reason that such arrangements have not been com- 
mercially successful seems to be that they do not make a 
significant change in total riding comfort, even while they 
improve the basic ride. The situation seems to be similar 
to that in acoustics. If a certain noise level is produced by 
two or more sources of approximately equal intensity, the 
reduction or even suppression of a single source makes only 
a minor difference in the total noise level. 

Similarly, the discomfort caused by shake and harshness 
on our present cars is equal to that due to basic ride motion, 
so that a major improvement in basic ride has only a minor 
effect on total riding comfort. 

All this means that the problems of shake and harshness 
are extremely important from the standpoint of riding com- 
fort, and they must receive at least as much engineering ef- 
fort as the basic ride. 


THIS PAPER reports the results of case hardenability studies 
on four carburizing grades of SAE steels: 4028H, 8620H, 
4620H, and 4815H. These studies, which attempted to in- 
clude data for both high and low side chemistries of each 
grade, represent a cooperative effort of members of Divi- 
sion 33 - Gear Metallurgy - of the Iron and Steel Technical 
Committee of SAE 

The basic need for information of this type was expressed 
when Division 33 was organized in 1955. Literature on car- 
burizing steels has been predominantly concerned with the 
effect of carburizing time, carburizing temperature, carbon 
penetration and alloying elements(2; 2: 3)*, While standard 
hardenability band steels of carburizing grades have been 
agreed upon by both consumers and producers, published in- 
formation has been primarily limited to the hardenability of 
the core material. Most data which have been presented up- 
on the case hardenability of these steels have been fairly re- 
cent in origin. The literature has been scant but does indi- 
cate that an interest exists outside of Division 33 in the field 
of case hardenability. 

Jominy and Boegehold(4) developed the end quench bar 
originally as a means for measuring the case hardenability 
of carburized steels. Their classic paper included case hard- 
enability studies of twelve grades of SAE steels, made both 
at the surface and at 0.015 in. below the surface. It also 
contained data on the effect of double quenching practice 
upon case hardenability and on the spread in case harden- 
ability of 12 production heats of SAE 4620 steel. 

Kayser, Thomson, and Boegehold‘®) proposed the use of 
a trapezoidal end quench bar for determining hardenability 
of carburized steels. They evaluated the trapezoidal bar 
and showed it to be a reliable means for determining case 
hardenability. Their paper presented data for seven carbu- 
rizing steels, three of which are covered in this investigation. 

Meyer(®) conducted end quench tests to determine the 
case and core hardenability of 11 American and German 
steels and of 12 experimental steels. The 11 commercial 
steels included the four grades of carburizing steels which 
Division 33 selected for its investigation, but no attempt was 
made to include heats representing both minimum and max- 
imum chemistries for each grade. His case hardenability 
studies were made at carbon levels of 1.10, 1.00, and 
0.90%, and his results were plotted on standard end quench 
charts, 

Gurley and Hannewald(7) proposed the use of isohardness 
diagrams for illustrating the relationship between speed of 
quench, carbon content, and hardness in carburized Parts, 
They studied the case hardenability of SAE 4028 steel simi- 
lar in composition to the low chemistry SAE 4028H steel 
which Division 33 investigated. They cited several advan- 
tages for presentation of case hardenability data in the form 
of isohardness diagrams, in which preselected levels of hard- 
ness are plotted in relation to carbon content and J-position 


* Numbers in parentheses designate References at end of paper, 
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on the end quench bar. The advantages of their proposed 
method warrant its use in this paper. 

Ruffle(®) used isohardness diagrams to report his investi- 
gations on case hardenability of 14 British and three Ameri- 
can steels, His paper included end quench hardenability 
data at various carbon levels. Two heats of SAE 4620 and 
one heat of SAE 8620 were studied. 

The interest of members of Division 33 in this subject en- 
compassed not only the relationship between the case hard- 
enabilities of standard H steels but also the range of case 
hardenability which can be expected in any one grade of 
steel when its chemical composition and core hardenability 
vary from the top side to the bottom side of its specified 
band. It was felt that this information would be valuable 
both to the manufacturer of carburized parts and to the ma- 
terials engineer who selects carburizing steels and designates 
hardness requirements for these parts. 

Members of Division 33 also felt that this investigation 
would produce useful information on the effect of chemical 
composition, direct quench practice versus reheat practice, 
and hardness measurement procedures upon case hardenabil- 
ity. It was hoped that it might lead to the adoption of a 
standard procedure for measuring and reporting the case 
hardenability of carburizing grades of SAE steels. 


Selection of Carburizing Steels 


The selection of the four grades of carburizing steels 
which were used in these studies was made by members of 
Division 33. The use of commercial heats was deemed to 
be more practical for the intended purpose than the use of 


experimental heats. In order to aid the selection process 
criteria of alloy content were applied. High hardenability 
heats were chosen on the basis of alloying elements being 
in the upper third of the specified chemical ranges for H 
steels. Low hardenability heats were chosen on the basis of 
alloying elements being in the lower third of the specified 
chemical limits, All heats were examined for grain size, 
chemistry, core hardenability, and soundness before being 
approved for the case hardenability studies. 

Table 1 contains the McQuaid-Ehn grain size and chem- 
istry of all eight heats of steel, together with the specified 
analyses for H steels. The major variable in alloy compo- 
sition is nickel, which is present from residual amounts in 
SAE 4028H steel up to 3. 8% in SAE 4815H steel. 


Core Hardenability 


SAE standard end quench procedure, except as noted, was 
usedupon duplicate bars of all eight heats of steel. One pair 


was austenitized at 1700 F for 20 min at temperature before 
quenching. The other pair was austenitized for 40 min at 


temperature (instead of 20 min) at the following tempera - 
tures before quenching 


SAE 4028H steel -- 1525 F 
SAE 8620H steel -- 1550 F 
SAE 4620H steel -- 1525 F 
SAE 4815H steel -- 1500 F 
The first pair of bars represented direct quench practice 
from the carburizing temperature, and the second pair rep- 
resented reheat and quench practice. 
Figs. 1-4 show the core hardenabilities of the 4 grades 
of steel in relation to their respective hardenability limits. 


Selection of Method 


Two types of specimens for measuring case hardenability 
were considered: the trapezoidal bar and the standard end 
quench bar. Upon recommendations of ISTC Division 5 - 
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Table 1 - McQuaid-Ehn Grain Size and Chemical Composition of Steels Selected for Case Hardenability Studies 


Steel Chemical Composition, % Grain 
Grade Chemistry acy _Mn Si Ni Cr _Mo_ S ie Size 
4028H Low 0, Bi) 0.82 05 22 0.02 0.07 0.23 0.045 0.018 7-8 
High 0.31 0.85 0. 32 Oy 0.28 0.24 0. 044 0.016 7-8 
Specified Min 0,24 0. 60 0. 20 0.25 0.20 0. 20 
Max 0.30 1.00 0.35 max max 0.30 Fine 
8620G Low 0.20 0. 70 0, 24 0. 50 0.45 0.18 0.020 0. 032 7-8 
High 0,20 0. 84 0.28 O70 0.56 0.26 0.014 Ondsia 8 
Specified Min Oy 0. 60 0.20 0.35 0.35 Opals 
Max ONS 0.95 Onso 0.75 0.65 0.25 Fine 
4620H Low 0.18 0.46 0.28 1.68 0.03 0, Bal 0.030 0. 011 7-8 
High 0,20 0. 64 0.29 1. 93 Oil Ogcil 0.023 0.010 6-7 
Specified Min (Oy, a7 0.35 0,20 50 0.20 0.20 
Max 0, 23 0.75 0.35 2.00 max 0,30 Fine 
4815H Low 0.16 0.39 0,22 3.3 0.10 0.19 0. 020 0.010 6-8 
High 0.18 0.54 0,34 3.8 On23 O27 0.007 0.008 6-8 
Specified Min 0.12 0.30 0, 20 3,2 0.20 0.20 
Max 0,18 0.70 0.35 3.8 max 0,30 Fine 
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Method of Determining Hardenability - the end quench bar 
was selected. Either type of specimen, however, was ad- 
judged to be satisfactory for use. ISTC Division 5 suggested 
that either Superficial Rockwell or Tukon hardness proce- 
dures be used because of the presence of hardness gradients 
in carburized cases. Division 33 decided to specify Rock- 
well A procedures for all carbon levels, with either Rock- 
well 15N or Vickers 10 kg at several carbon levels selected 
at the option of the cooperating laboratory performing the 
tests. Two cooperating laboratories made Rockwell 15N 
readings, and two made Vickers 10 kg readings alternately 
with Rockwell A readings at 1/16 in. intervals at carbon 
levels of 1.00, 0.80, 0.60, and 0.40%. Only Rockwell A 
procedures were used at the other carbon levels of 1.10, 0. 
90, 0.70, 0.50, and 0.30%, 


Preparation of Specimens 


Two bars, 1-1/4 in. in diameter by 6 ft long, were forged 
from each billet of steel. The remaining billet section (1500 
Ib) of each heat has been retained for possible future use. 
The forged bars were normalized at 1700 F for 1 hr at tem- 
perature. One bar has been set aside for possible future use. 
The other was sectioned consecutively into four 6-3/16 in. 
lengths for carbon gradient bars, four 5 in. lengths for case 
hardenability bars, and four 5 in. lengths for standard end 
quench bars. Four carbon gradient bars, 1 in. round by 6 
in. long, and eight case and core hardenability bars, 1 in. 
round by 4 in. long, were prepared to 0,002 in. tolerance 
on diameter. The case hardenability bars had a pair of pre- 
ground flats for surface hardness readings after they were car- 
burized and quenched. 


Heat Treatment 


Carburizing Procedure - On successive days two hard- 
enability bars with preground flats and two carbon gradient 
bars of the same heat of steel were packed in solid carbu- 
rizing compound inside a covered alloy carburizing box of 
6 x 7x 8-1/2 in. inside dimensions. The ends of the hard- 
enability bars were not protected from carburization. At 
least 1/2 in. of compound surrounded each test bar. All car- 
burizing was done with new compound from the same batch 
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of the following approximate composition: 

Charcoal. - 50% Sodium Carbonate - 3% 

Coke - 30% Calcium Carbonate - 3% 

Barium Carbonate - 12% Molasses Binder - 2% 

The lids were sealed with high-temperature cement, and 
the carburizing boxes were placed in a furnace at 800F, 
heated with the furnace to 1700 F, held at 1700 F for 18 hr, 
and then removed from the furnace. 

Direct Quench Practice - One hardenability bar was 
immediately removed and end quenched for 10 min, At the 
same time its accompanying carbon gradient bar was Ie- 
moved and placed in loose hydrated lime to cool. 

Reheat and Quench Practice - Immediately after the 
first pair of test bars was removed, the second pair was 
removed and allowed to air cooltoroom temperature. After 
careful removal of any slight oxide coating which developed, 
the hardenability bar and the carbon gradient bar were re- 
heated for40 min at the reheat temperature previously given 
under "Core Hardenability. " 

Furnace atmosphere conditions during the reheat period 
varied as follows: 

4028H - gas carburizing atmosphere, carbon potential 
1, 15% 

8620H - gas carburizing atmosphere, carbon potential 
1, 15% 

4620H - manually controlled gas carburizing atmosphere 

4815H - graphite lined alloy box 

After being at heat for 40 min, the case hardenability 
bar was removed from the furnace and end quenched for 10 
min. At the same time the carbon gradient bar was re- 
moved and placed in loose hydrated lime to cool. 


Determination of Carbon Gradient 


After removal of any surface oxide by light vapor blast- 
ing, carbon gradients were determined by duplicate analysis 
of turnings machined from the carbon gradient bars in radial 
increments of 0.005 in. to a depth of 0.020 in. below the 
surface and in increments of 0.010 in. to a depth of 0.120 
in. below the surface. (Several laboratories used smaller 
increments to a depth of 0.010 in. below the surface.) The 
average carbon content for each increment on each bar was 
plotted against its average depth below the surface in order 
to determine the depths corresponding to carbon levels of 
1.10; 1.00, 0.90, 0.80; 0.-70,: 0. GOMOL50) 0, 40p wana 
0. 30% in each bar. 

The average carbon gradients for the high hardenability 
heats of all steels are plotted in Fig. 5 (Data taken from the 
samples which accompanied the direct quench bars). The 
minimum and maximum spreads encountered in the carbon 


gradient determinations between duplicate specimens of any 
steel are plotted in Figs. 6-7. 


Determination of Hardness 


Surface hardness readings on the preground flats were 
made but are not included in this report because of the vari- 
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high hardenability heat 


Fig. 5—Average carbon gradient 
curves for high hardenability 
heats of steel, carburized at 1700 F 
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Fig. 8—Carburized end quench 
hardenability of SAE 4620H steel, 
high hardenability direct quench. 
Curves are for 0.20 to 1.10% carbon 


ation in surface carbon content from one sample to another 
and from one laboratory to another. Either surface decarbu- 
rization or recarburization to a higher carbon level were 
present in varying degrees, depending upon procedures used 
by the cooperating laboratories in removal of samples from 
the carburizing box and upon reheat procedures and atmos- 
phere. It was concluded that these variations in surface car- 
bon produced negligible influence upon case hardenability 
studies conducted below the surface. 

Additional flats were carefully ground on each hardena - 
bility bar to preselected carbon levels, starting at 1. 10% 
carbon, except in the SAE 4815H steels, whose surface car- 
bon content necessitated grinding of the initial flat to a1. 00 
% carbon level. A minimum of 0.020in. and 0. 030in. was 
ground off each flat on the SAE 8620H steel direct quench 
and reheat and quench hardenability bars respectively, be- 
fore readings were taken at another lower carbon level on 
the same flat location. A minimum of 0.050 in. was ground 
off each flat on the other three grades of steels before hard- 
ness readings were made at a lower carbon level on the same 
flat location. 

Rockwell A hardness impressions were made alternately 
with Rockwell 15N impressions at 1/16 in. intervals on SAE 
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Fig. 9—Isohardness diagram for 
carburized SAE 4028H steel, high 
hardenability direct quench 
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Fig. 10—Isohardness diagram for 
carburized SAE 4028H steel, low 
hardenability, direct quench 


steels 8620H and 4815H: and with Vickers 10 kg at 1/16 in. 
intervals on steels 4028H and 4620H at the 1.00, 0.80, 0.60, 
and 0.40% carbon levels. Only Rockwell A impressions 
were made at other carbon levels. 


Case hardenability at the many carbon levels studied can 
be a rather unwieldy subject if the data are handled in the 
manner customary for end quench tests, The isohardness di- 
agram contains information in a form which facilitates anal- 
yses of the case hardenability data obtained. Fig. 8 shows 
case hardenability data presented in a standard end quench 
diagram. The inclusion of 10 curves in the diagram, one 
for each carbon level, adds to confusion and presents a com- 
plex diagram for comparative analysis. The corresponding 
isohardness diagram, shown in Fig. 13, at first glance may 
seem complex, but study of it clearly brings out the vari- 
ables involved and their relationship to each other. The iso- 
hardness diagram is an expedient means of presenting case 
hardenability data. 

The results of all case hardenability data, obtained with 
Rockwell A procedures and averaged for duplicate speci- 
mens, are presented graphically in the form of isohardness 
diagrams. Below the J4 position on the diagrams solid lines 
are not used because the quenched end of the hardenability 
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Fig. 13—Isohardness diagram for 
carburized SAE 4620H steel, high 
hardenability, direct quench 
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Fig. 14—Isohardness diagram for 
carburized SAE 4620H steel, low 
hardenability, direct quench 


bar was not protected against carburization and hence the 
carbon gradient near the quenched end differed from that in 
the balance of the bar. 

Figs. 9-16 show the case hardenability results obtained 
upon the direct quench bars of all steels. Ninety four per 
cent of the plotted points which were derived from the ori- 
ginal hardenability data fall directly on or within 0.01% 
carbon of being on the curves shown. The maximum devi- 
ation of the remaining plotted points from these curves does 
not exceed 0.03% carbon. Data at the 0.60% carbon level 
for one of the SAE 8620H bars were discarded because they 
were inconsistent with all other results. No reason for this 
behavior was found despite a thorough metallurgical check. 
The curves are not extended beyond the J20 position because 
Division 33 members felt that there would be limited use for 
such information in their activities. 

Figs 17-24 show corresponding isohardness diagrams for 
the reheat and quench bars. 

Fig. 25 shows typical variations between end quench 
curves obtained from Rockwell A procedures and Rockwell 
15N or Vickers 10 kg procedures at several carbon levels. 


Discussion 


Chemical Composition - Examination of the chemical 
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Fig. 15—Isohardness diagram for 

carburized SAE 4815H steel, high 

hardenability, direct quench 


6 8 WO l2 4 16 18 20 
J-POSITION 


Fig. 16—Isohardness diagram for 


carburized SAE 4815H steel, low 
hardenability, direct quench 


composition of the eight heats of steel used in this study of 
case hardenability (Table 1) shows that all of them meet the 
prescribed requirements for alloy content, with low harden- 
ability heats falling in the lower one-third of their respec- 
tive range for chemistry, and high hardenability heats, in 
the upper one-third of their range. Carbon content is not 
being considered at this time. 

SAE 4028H Steel - The low hardenability heat of SAE 
4028H is considered to be a borderline heat with respect to 
composition. Its manganese content is 0.09% above the 
one-third limit, and its other alloying elements which af- 
fect hardenability are exactly at the one-third limit. 

The high hardenability heat of SAE 4028H would also be 
considered to be a borderline heat -- perhaps even below 
borderline because of its low molybdenum content -- if its 
residual chromium content did not exceed the maximum 
limit by 0.08%, This high residual chromium content tends 
to place it close to the two-thirds point of the analysis range. 

SAE 8620H Steel - The low hardenability heat is con- 
sidered to be a borderline heat, with all alloying elements 
being very close to the one-third point of the range. The 
high hardenability heat falls somewhat above the two-thirds 
point in the chemistry range for SAE 8620H steel, thus being 
well within the desired upper one-thirdrange in composition. 
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Fig. 17 — Isohardness diagram for 
carburized SAE 4028H steel, high 
hardenability, reheated and quenched 
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Fig. 20—Isohardness diagram for 
carburized SAE 8620H steel, low 
hardenability, reheated and quenched 
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Fig. 23—Isohardness diagram for 
carburized SAE 4815H steel, high 
hardenability, reheated and quenched 


Fig. 18—Isohardness diagram for 
carburized SAE 4028H steel, low 
hardenability, reheated and quenched 
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Fig. 21—Isohardness diagram for 
carburized SAE 4620H steel, high 
hardenability, reheated and quenched 
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Fig. 24—Isohardness diagram for 
carburized SAE 4815H steel, low 
hardenability, reheated and quenched 


Fig. 19—Isohardness diagram for 
carburized SAE 8620H steel, high 
hardenability, reheated and quenched 
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Fig. 22—Isohardness diagram for 
carburized SAE 4620H steel, low 
hardenability, reheated and quenched 
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Fig. 25—Differences in case hardenability 
at 3 carbon levels caused by using 
different methods in determining 
hardness. Data are for Rockwell A and 
Vickers lOKG for SAE 4620H, high 
hardenability, direct quenched 


SAE 4820H Steel - The alloy content of the low harden- 
ability heat places it somewhat below the one-third point 
in the specified range for SAE 4620 steel. The high harden- 
ability heat is considered to be almost a maximum analysis 
heat. Since its manganese and silicon contents are at the 
two-thirds point, it falls just below a maximum analysis 
heat. 


SAE 4815H Steel - Except for its manganese content be- 
ing near the one-third point and its residual chromium con- 
tent being one-half of the maximum permissible, the low 
hardenability heat of this steel tends to approach a minimum 
analysis heat. 

The high hardenability heat of SAE 4815H is somewhat 
below a maximum analysis heat. Its molybdenum and man- 
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ganese contents are at the two-thirds points, but its residual 
chromium content exceeds the specified maximum of 0. 03%. 

CORE HARDENABILITY - Core hardenability data in Figs. 
1-4 are plotted only for the 1700 F austenitizing tempera - 
ture. The core hardenabilities of end quench bars which 
were quenched from the reheat temperatures are almost 
identical to the data plotted. 

SAE 4028H Steel - The core hardenability of the low 
hardenability heat (Fig. 1) is considered to be in good agree- 
ment with minimum H-band requirements, even though its 
alloy content and its carbon content correspond to that of 
a one-third analysis heat. 

The high hardenability heat of SAE 4028H steel has a 
core hardenability fairly close to the 2/3 point. Its core 
hardenability is in agreement with its alloy content. 

SAE 8620H Steel - The core hardenabilities of the low 
and the high hardenability heats approximate the one-third 
point and two-thirds point respectively of the H-band for 
SAE 8620H steel (Fig. 2). Agreement between core hard- 
enability and alloy content is considered to be good. 

SAE 4620H Steel - The core hardenabilities of the low 
and high hardenability heats of SAE 4620H steel approach 
their respective H-band limits (Fig. 3). Substantial agree- 
ment between core hardenability and alloy content is ap- 
parent in both steels, although the alloy content of the 
low-side heat would tend to indicate a slightly higher core 
hardenability. 

SAE 4815H Steel - The low hardenability heat has a core 
hardenability which corresponds to the minimum of the H- 
band for SAE 4815H steel (Fig. 4). Its alloy content also 
classified it to be almost a minimum analysis heat. 

The high hardenability heat exceeds the maximum of the 
H-band in core hardenability, even though its alloy content 
indicated it to be just below a maximum analysis heat. 


Effect of Alloy Content - In order to appreciate the 


role of the alloying elements in case hardenability, it 
would be desirable to eliminate or minimize the effect of 
carbon content upon core hardenability, so that the major 
effect which is being studied is that of the alloy content it- 
self. Various investigators\% +U) have developed harden- 
ability factors for alloying elements, but for the purposes of 
this discussion an approximation of the effect of alloying el- 
ements upon core hardenability within a given series of steels 
can be obtained if this series is available in several ranges 
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Fig. 26—Core 
hardenability of 
SAE 8620H steel 
versus derived 
“standard SAE 
8620H harden- 
ability band fora 
constant 0.20% ac 
carbon content” 
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of carbon. The SAE 8600 H-band series meets these require - 
ments. This approximation then relates the spread in core 
hardenability which is present in SAE 8600 H-band steels at 
a single carbon level. 

It is realized that this approximation is subject to many 
One is the different percentages of elements that 
can be present within one steel and that can affect its hard- 
enability. The limits of the hardenability bands are not 
solely determined by che carbon content but represent a 
combined effect of carbon content and alloy content upon 
hardenability. At the quenched end the hardenability band 
is vertically spread out, partly because the top or bottom 
limit for carbon which defines this region is subject to al- 
lowable variations for check analysis. Nevertheless, the 
introduction of this concept of analyzing the core harden- 
ability of a steel with respect to minimum and maximum 
hardenability bands projected for a steel of the same carbon 
content does offer further insight into the problem of corre- 
lating case and core hardenabilities. 

In Fig. 26 the core hardenabilities of the low and high 
hardenability heats of SAE 8620H steel, each of which anal- 
yzed 0.20% carbon, are compared with derived minimum 
and maximum core hardenabilities of SAE 8600H steels hav- 
ing 0.20% carbon. This latter hardenability band is seen to 
be much narrower than the actual H-band for SAE 8620H 
steel. It reflects to a greater degree the combined effect of 
the alloying elements upon the core hardenability. The high 
hardenability heat, which previously was analyzed as just 
meeting the minimum requirements set up by Division 33 
for core hardenability is now almost coincident with the 
maximum of this derived hardenability band. The low hard- 
enability heat approaches the minimum of this band at 
quenching speeds equivalent to the J4 to J7 position but de- 
viates toward the high end at both slower and faster quench- 
ing speeds. 

It is apparent that core hardenability of a given steel per 
se should not necessarily agree with case hardenability. 
Hence, the decision of SAE Division 33 to use alloy content 
as the main criterion for selecting these steels was sound. 
Limitations of time did not permit the selection of absolute 
minimum and maximum analyses heats in all grades. This 
factor must be considered, therefore, in arriving at conclu- 
sions in the case hardenability studies. 

Carbon Gradient - The data in Fig. 5 tend to agree 
quite well with previous information upon surface carbon 
levels and carbon penetration reached in steels having vary- 
ing alloy content, particularly nickel and chromium, when 
subjected to the same carbon potential. Chromium accel- 
erates penetration and increases surface carbon content. In- 
creasing nickel content slows down penetration and decreases 
surface carbon content. The variation in carbon content in 
the vicinity of the surface is considered to be too large to 
use surface hardness readings for comparing the character- 


istics of these steels in the case carburized condition. 
The range in results between duplicate samples of car- 


bon gradient bars, shown in Figs. 6-7, substantiates the need 
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for precautions voiced by ISTC Division 5 in identifying ac- 
curately the depth below the surface at which desired car- 
bon levels are located. Deviations as high as 0.18% carbon 
occur between duplicate samples at a given depth below the 
surface. The normal deviation, however, is considerably 
less than this. 


Case Hardenability 


Use of Isohardness Diagrams - The isohardness diagrams 
for all steels (Figs. 9-24), both low and high hardenability, 


have one definite characteristic in common. The Jeft end 
of each isohardness curve slopes toward the average carbon 
content (at the quenched end) which will harden to this same 
hardness with a perfect quench (99. 9% martensite)(11), The 
developed isohardness curves are extended as dotted lines 
below the J4 position in order to illustrate this characteristic. 


This apparent correlation between the constructed iso- 
hardness curves and the empirically determined carbon con- 


tents having equivalent hardnesses with a perfect quench 
lends support to the accuracy and consistency of the experi- 
mental data. 

The extension of the isohardness lines to the J-0 position 
appears to be valid and to permit determination of case 
hardenability at positions below J4 on the hardenability bar, 
even if direct data could not be made because of varying 
carbon gradients in this area of the bar. 

The ease of interpretation of case hardenability from iso- 
hardness diagrams is brought out in Figs 9-24. It is obvious 
that a steel which will harden uniformly to a stated hardness 
level across the length of the hardenability bar will possess 
greater hardenability than one whose isohardness curve slopes 
rapidly upward. The slope of the isohardness curve, there- 
fore, is a measure of the hardenability of the steel. Steels 
with steep isohardness curves have low hardenability. Those 
whose isohardness curves have low slopes have high harden- 
ability. 

Since engineers and production metallurgists are general- 
ly interested in actual hardness attained in carburized cases, 
the isohardness method of data presentation can be a con- 
siderable help to them. These diagrams can yield informa- 
tion on the following types of questions: 

1. What surface carbon content will result in maximum 
surface hardness for each grade of steel at various speeds of 
quench? 

2. What carbon gradient is necessary to obtain a desired 
hardness gradient in a given grade of steel and stated 
quench? How is this gradient affected by top and bottom 
side chemistry heats? 

3. What is the effect of reheat and quench practice 
compared to direct quench practice for different grades of 
steel? 

4, What steel should be selected to obtain a desired 
hardness gradient with a given carbon gradient and stated 
quench? 

5. How deep must a carburized case be to attain a min- 
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imum effective case depth (measured to RC 50) with a giv- 
en speed of quench and grade of steel? 

6. What is the effect of alloy content on case 
hardenability? 

7. Is the case hardenability of a steel related to its 
core hardenability? 

8. What range of case hardenability can be expected 
in one grade of steel when its alloy content faries from 
minimum to maximum? 

Effect of Hardness Procedure - At carbon levels above 
0. 70%, approximately, higher RC hardness is indicated for 
data obtained with Rockwell A procedures than with Rock- 
well 15N or Vickers 10 kg procedures. Below 0.70% carbon 
the situation is reversed; RC conversions from Rockwell A 
readings are lower than those from Rockwell 15N or Vickers 
10 kg readings. The maximum spread in RC hardness at any 
carbon level for different hardness procedures is approxi- 
mately 7 RC. Typical comparisons between Rockwell A and 
Vickers 10 kg procedures are shown in Fig. 25. 

The differences in converted hardness at these carbon lev- 
els are associated with the relative depths of impression 
made by the respective hardness procedures and with the 
character of the hardness gradient below the surface. Be- 
cause of their very shallow impressions microhardness pro- 
cedures would tend to be superior to any of the hardness pro- 
cedures used in this investigation, insofar as measurement of 
actual surface hardness for a given carbon content is con- 
cerned. The authors feel that any advantage gained by such 
procedures, however, is offset by the greater variation in 
hardness obtained with them on heterogeneous structures and 
by the greater difficulties inherent with these procedures in 
obtaining samples suitable for test purposes. 

The above remarks pertain only to hardness grdient con- 
ditions of the type associated with relatively deep carburiz- 
ed cases. They do not apply to shallow carburized cases or 
to other shaped hardenability bars, such as the trapezoidal 


bar. 
The use of Vickers 10 kg or Rockwell 15N tends to shift 


the isohardness curves slightly downward at carbon levels be- 
low approximately 0.70%. At higher carbon levels the iso- 
hardness curves are also shifted downward somewhat. The 
net result, therefore, would be to indicate slightly greater 
hardenability at hypoeutectoid levels and less hardenability 
at hypereutectoid levels. 

Effect of Steel Grade - If the core hardenabilities of the 
eight heats of steel are adjusted to a common carbon con- 
tent, their case hardenabilities appear to be directly relat- 
ed to their respective "isocarbon” core hardenabilities. In 
other words, the case hardenabilities of SAE steels in the 
4000H, 8600H, 4600H, and 4800H grades appear to de di- 
rectly related to their core hardenabilities when their core 
hardenabilities are measured at a common carbon level, for 
example, 0.20% carbon. 

In ascending order the case hardenability rating of these 
four grades of steel is: SAE 4000H, SAE 4600H, SAE 8600H, 
SAE 4800H. 
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This rating takes into consideration the fact that the high 
hardenability heat of SAE 4620H steel is nearly a maximum 
analysis heat, while the high hardenability heat of SAE 
8620H steel is only somewhat more than a two-thirds analysis 
heat, ‘lhe actual ditterence in hardenability of the high 
hardenability heats of these two steels is relatively small. 

Changes in alloy content (including residual alloys) from 
the top to the bottom of the range have a significant effect 
upon case hardenability. Less effect is apparent for the 
nigher hardenability grades than the lower hardenability 
grades, 

Effect of Reheat and Quench Practice - The general ef- 
fect of the particular reheat and quench practice which was 
used on the four grades of SAE steels is to reduce their case 
hardenabilities slightly. This effect is particularly notice- 
able in the hypereutectoid regions of the case of the SAE 
8600 grade and is apparently associated with the resistance 
of chromium carbides to go into solution during reheating 
cycles. Because of changes in retained austenite content, 
the higher nickel SAE grades 4600H and 4800H tend to show 
slightly greater hardness at carbon levels above 0. 70% when 
given a reheat and quench as compared to a direct quench. 
The case hardenability of the SAE 4800H grade of steel ap- 


pears to be least affected at all carbon levels. 
Comparison with Published Data on Trapezoidal Bar 


Method - Case hardenability data which was reported by 
Kayser, et al, with a trapezoidal bar on SAE 8620, 4620, 
and 4815 steels can be compared only in a general way with 
the end quench data presented in this paper, since variations 
in hardness procedures, steel compositions, and hardenabili- 
ty methods are present. 

1. SAE 8620H Steel 

The chromium, manganese and silicon contents of Kay- 
ser's heat of SAE 8620 steel correspond closely to those of 
the high hardenability heat studied by Division 33. The nick- 
el and molybdenum contents compare favorably with those 
of the low hardenability heat. Hence, Kayser's heat is low- 
er in alloy content than the high hardenability heat studied 
by Division 33, The core hardenability of Kayser's heat of 
SAE 8620 steel checks very closely to that of the high hard- 
enability heat. 

The trapezoidal specimen indicates a slightly greater 
case hardenability for Kayser's heat of SAE 8620 steel than 
was obtained with the end quench bar by Division 33. The 
difference is diminished when the trapezoidal results are 
compared with Rockwell 15N results, instead of Rockwell A 
results, on the end quench bar. The results would be still 
closer together if the slight difference in cooling rate be- 
tween the two specimens, reported by Jatczak and Christen- 
son in a discussion of the paper by Kayser, is leveled. 

At the higher carbon levels in both types of specimens 
converted RC hardnesses are similar for the Vickers 10 kg 
procedure used by Division 33 and the Vickers 3 kg proce- 
dure used by Kayser. Rockwell A procedures of Division 33 
indicated 5 points greater hardness at 0. 90% carbon than the 
Vickers 10 kg and Vickers 3 kg procedures. 
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2. SAE 4620H Steel 

The Kayser heat is comparable to the high hardenability 
heat of Division 33 in chromium, nickel, and silicon con- 
tents and falls midway between the high and low hardena- 
bility heats in manganese and molybdenum contents. Its 
alloy content, therefore, falls somewhat below that of the 
high hardenability heat. Its core hardenability, however, 
after adjusting for carbon content, is estimated to be very 
slightly greater than that of the high hardenability heat of 
Division 33. 

The trapezoidal case hardenability of the Kayser heat of 
SAE 4620 is indicated to be somewhat greater than the end 
quench case hardenability of the Division 33 heat. Again, 
part of this discrepancy is removed when the trapezoidal re- 
sults are compared with Vickers 10 kg hardness conversions 
on the Division 33 end quench bars. A still closer corre- 
spondence is indicated if the difference in cooling rate be- 
tween the trapezoidal and end quench bars is considered. 

An appreciable discrepancy in hardness is indicated at 
the higher carbon levels between the several hardness pro- 
cedures which were used. The Kayser data, taken with 
Vickers 3 kg measurements, convert to 57 RC ata carbon 
level of 0.90%. The Division 33 data, taken with Rockwell 
A procedures, convert to 65 RC at this same carbon level. 
The same data, taken with Vickers 10 kg procedures, indi- 
cate a converted hardness of approximately 63 RC at 0. 90% 
carbon. 


3. SAE 4815H Steel 
The chemical composition of Kayser's heat of SAE 4815 


steel falls slightly below that of the high hardenability heat 
of Division 33 in alloy content. Their core hardenabilities, 
adjusted for carbon content, are estimated to be quite close 
together. 

At carbon contents of 0. 60% and lower, the trapezoidal 
and end quench case hardenabilities of these steels are al- 
most identical. Variations in hardenability due to hardness 
procedures are negligible. Variations in converted RC hard- 
ness at 0, 80% carbon are appreciable, however, falling from 
65 to 63 to 60 for Rockwell A, Vickers 10 kg, and Vickers 
3 kg procedures, respectively. 

The maximum hardness which Kayser reported for SAE 
4815 and 4620 steels was approximately 63 RC (converted 
from Vickers 3 kg) and occurred at some carbon levels with- 
in the range of 0.50% to 0.80%. Since hardnesses of 65 RC 
and above were obtained on these steels within this same 
carbon range by use of Rockwell A, Rockwell 15N and Vick- 
ers 10 kg procedures in the present investigation, there ap- 
pears to be a slight discrepancy in maximum obtainable 
hardness which should be resolved, 

Standard Method for Measuring Case Hardenability - The 
results of this and previous studies indicate that reliable case 
hardenability data can be obtained from either the trapezoi- 
dal bar method or the end quench method. 

Information from both methods is affected by the hard- 
ness procedure which is used. Hardness procedures for the 
end quench bar should preferably be those which utilize in- 
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dentor loads of 15 kg or less. Even with loads of 15 and 10 
kg, and with the particular carbon gradients present in the 
end quench bars, sharp hardness gradients have a slight ef- 
fect upon converted hardness readings, Use of indentor loads 
of less than 10 kg require greater care in surface preparation 
and finer surface finishes. 

Despite certain advantages which the trapezoidal method 
possesses, the authors feel that the use of a standard end 
quench bar is preferable for case hardenability studies by 
most laboratories. The trapezoidal method requires the use 
of microhardness instruments, extreme care in preparation 
of surface finishes, and an impervious copper plate on the 
parallel sides of the bar. The cooling rate of the trapezoi- 
dal bar is somewhat different from that of the end quench 
bar. 

The authors recommend, therefore, that the end quench 
bar be used for any further case hardenability studies by Di- 
vision 33. The only variation from the procedures which 
were used in the current study is that Rockwell 15N or 
Vickers 10 kg procedures should be used for all hard- 
ness determinations. 

Since the isohardness diagrams which are included in 
this study are based upon Rockwell A procedures, and hence 
indicate a somewhat different picture of the case hardena- 
bilities of these four grades of steel than would be obtained 
by Rockwell 15N or Vickers 10 kg procedures, the authors 
recommend that the bars from this study be checked at all 
carbon levels by Rockwell 15N or Vickers 10 kg procedures 
and that the results be published in a subsequent paper. 


Summary 


The case hardenabilities of SAE steels 4028H, 4620H, 
8620H, and 4815H appear to be directly related to the core 
hardenabilities of these grades, adjusted to a common car- 
bon level. 

The case hardenability rating of these SAE grades of steel 
in ascending order is 4000, 4600, 8600, and 4800. 

As the case hardenability rating increases, the variation 
in case hardenability of steels from their minimum to their 
maximum chemistry range appears to decrease. 

Reheat and quench practice tends to lower the case hard- 
enabilities of all grades of steel slightly. The SAE 8600 
grade, which contains chromium, is affected most, particu- 
larly in the hypereutectoid region. The relative case hard- 
enability rating of the four grades of steel is not appreciably 
changed by reheat and quench practice. 

The end quench bar is recommended for case hardena- 
bility studies. Rockwell 15N or Vickers 10 kg procedures 
should be used for measuring hardness. Since the isohard- 
ness diagrams in this paper are derived from Rockwell A pro- 
cedures, and are affected by the errors introduced by the use 
of these procedures on surfaces with hardness gradients, the 
present end quench bars should be rechecked by Rockwell 
15N or Vickers 10 kg procedures and new isohardness dia - 
grams should be presented in a subsequent paper. 
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Discussion 


Calculated and Measured 
Hardenability Values 


E. §. Rowland and C. F. Jatezak 
Timken Roller Bearing Co. 


THE SUBJECT of case hardenability of carburizing steels is 
one which is very often slighted or ignored,and it is hearten- 
ing to find that this problem has received such attention by 
the Gear Metallurgy Division of the Iron and Steel Technical 
Committee. 

In two recent papers*, one of the present discussors and 
others in our laboratory have devised procedures for the es- 
timation of case hardenability from chemical composition. 


4620 as shown in Tables A-C, respectively. 


J. A. HALGREN AND E, A. SOLECKI 


Since we were curious as to how well the calculated and 
measured hardenability values would compare under the dif- 
ferent conditions of carbon level and hardening temperature, 
we computed the hardenability values for 4028, 8620 and 
The 4815 
steel, has a composition beyond the limits of our calculation 
procedure. 

Table A indicates that the comparison between measured 
and calculated hardenability at three carbon levels and both 
hardening temperatures is quite good for both the low and 


*C, F, Jatezak andR. W. Devine, Jr., "Calculation of 
Hardenability in High Carbon Alloy Steels, " Transactions 
ASTM, Vol. 47 (1955), 748-768. 

C. F. Jatezak and D, J. Girardi, “Multiplying Factors 
for Calculation of Hardenability of Hypereutectoid Steels 
Hardened from 1700 F," Transactions American Society for 
Metals, Vol. 51 (1959), 335-352, 
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Table A - Comparison of Calculated and Division 33 Measured Case Hardenability Data for Type 4028 


Case Hardenability at Indicated Case Carbon Level 


1.10% Carbon 


Hard- Calcu- 
ening lated 


Meas- 
ured J-60 


Calcu- 
lated J-60 


Low Chemistry 1700 2,22 4.8 5.0 
High Chemistry 1700 3.52 10.8 9. 0 
Low Chemistry 1525 1.38 2.8 2S 
High Chemistry 1525 2.00 4.5 = 


*Estimated from extrapolation of data in Fig. 18. 


Calcu- 
lated 
Temp F Di, In. Dist. (16's) Dist. (16's) Di, In. 


ern 
3.82 


1.53 
2,22 


1.00% Carbon 0.90% Carbon 


Calcu- Meas- 
lated J-60 ured J-60 
. Dist, (16's) Dist. (16's) 


Calcu- Meas- Calcu- 
lated J-60 ured J-60 lated 
Dist. (16's) Dist. (16's) Di, In 


5.3 Salt 2.37 5.3 4.5 
11.8 10.8 3. 82 LES 9.8 
3.3 4.0 LG tS, 4.2 4.0 
4.8 4.8 2. 89 Lent! 8.4 


Table B - Comparison of Calculated and Division 33 Measured Case Hardenability Data for Type 8620 


Case Hardenability at Indicated Case Carbon Level 


1.10% Carbon 


Hard- Calcu- 
ening lated 
Temp F Di, In. 


Calcu- Meas- 


lated J-60 


Low Chemistry 1700 3.93 12.7 £10 
High Chemistry 1700 6.15 29.0 ci 
Low Chemistry 1525 2.00 4.4 a 
1550 os ois 4.5 
1575 2,24 4.9 a 
High Chemistry 1525 2.58 6.5 cae 
1550 a = 8.3 
1575 3.08 8.8 a 


*Estimated from extrapolation of data in Fig. 11. 


Calcu- 
ured J-60 lated 
Dist G@iGis) ists (liGus)) Dien 


4,22 
6.55 


2.22 


2.89 
2.86 


3.96 


1.00% Carbon 0.90% Carbon 


Calcu- Meas- Calcu- Calcu- Meas- 
lated J-60 uredJ-60 lated latedJ-60 ured J-60 
Dist. (16's) Dist. (16's) Di, In, Dist. (16's) Dist. (16's) 

14.0 USO Le) 14.0 14.0 
34, 0 3407 6.55 34, 0 34, 0* 
4.8 -- 2.86 WSS -- 
-- 6.2 -- -- LD 
Ui -- 3. 82 a DRS) -- 
7.6 -- 3.56 eG -- 
<< 12.0 -- -- 22.0 

es} -- 5.38 22.0 -- 
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high chemistry heats. The same is true in Table B for 8620 
steel if one is content to interpolate the computed harden- 
ability for 1550 F hardening temperature from calculated 
values at 1525 F hardening temperatures. It would appear 
U.at the computed values for a 1575 F hardening temperature 
agree more closely with the values measured at 1550 F than 
the mean of the computed values from the two hardening 
temperatures, 

Table C discloses the only serious divergence between 
calculated and measured hardenability values. This relates 
to the low chemistry heat of 4620 when direct quenched from 
1700 F, In this case, the calculated hardenability is almost 
twice the measured value at all three carbon levels. This 
same heat, when hardened from 1525 F, gave excellent a- 
greement between calculated and measured values except 
at the 0. 90 carbon level where the agreement leaves some- 
thing to be desired. The high chemistry heat is in quite 
good agreement. 

Considerable case hardenability testing has been done on 
4620 steel and we have yet to see a heat with as low a meas- 
ured hardenability as the low chemistry heat quenched from 
1700 F. We have no criticism of the committee's harden- 
ability testing procedure, and, in fact, recommend it. We 
might suggest, however, that the committee consider re- 
testing this one heat to be sure that some error in carbon lev- 
el did not occur to alter the results. 

We would also like to comment on the authors’ recom- 
mendation that Rockwell 15N or Vickers hardness measure - 
ments be used rather than Rockwell A in determining hard- 
nesses on the carburized end quenched bar. We do not con- 
cur in this recommendation and believe that for practical 
case hardenability testing the Rockwell A measurement is 
superior for the following reasons: 

1. That Rockwell A values are much less sensitive to 
sample grinding and surface preparation techniques than the 
other two methods. 

2. We believe the effect of penetration on the hardness 
results in the case of the Rockwell A method has been over- 
played. At a Rockwell A 85 hardness level (RC 66), the in- 
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dentor penetrates to a depth of 0.001 in. At Rockwell A 76 
(RC 50) the penetration depth is only 0.0015 in. If a car- 
bon penetration curve of sufficiently gentle slope to provide 
a fall of only 0.01% carbon per 0.001 in. depth is used, the 
effect of penetration covers only about 0, 02% in carbon be- 
low the surface of measurement. This is about the preci- 
sion of measurement of the carbon level itself and we do not 
believe it seriously affects the results. 

3. The Vickers method suffers from the need of meas- 
uring the length of the indentation optically with consequent 
disagreement among observers, while both the Vickers and 
Rockwell 15N procedures introduce uncertainties because of 
micro segregation in the material itself. 

4, Finally, not every laboratory has superficial Rockwell 
or Vickers equipment available and the cost of the test by 
these methods if necessarily higher. 

For these reasons, we believe the committee should wait 
for the balance of the recommended data before reaching a 
final decision on this point. 


lso-Hardness Presentation 
and Spread of Hardenability 


D. V. Doane 
Climax Molybdenum Co. of Michigan 


THE AUTHORS are to be commended for their clear sum- 
mary of the large volume of data obtained by the cooper- 
ating laboratories. Their use of the isohardness charts clar- 
ified the presentation of the case hardenability at all carbon 
levels, The extrapolations to the J-O positions at the lower 
carbon levels, using the ideal quenched hardness values, ap- 
pear to be valid, and add considerably to the experimental 
data. # 

There are two possible limitations to the isohardness 
presentation: 

1. Data at a relatively large number of carbon levels 
are necessary to construct such curves. For many applica- 
tions it may be feasible to limit case hardenability tests to 
a few carbon levels. 


Seen eee eS EEE 


Table C - Comparison of Calculated and Division 33 Measured Case Hardenability Data for Type 4620 
Case Hardenability at Indicated Case Carbon Level 


1.10% Carbon 


Meas- 
ured J-60 


Hard- Calcu- Calcu- 
ening lated lated J-60 


Calcu- 
lated lated J-60 ured J-60 lated 


1.00% Carbon 0.90% Carbon 


Meas- 
ured J-60 


Calcu- 
lated J-60 


Calcu- Meas- Calcu- 


Temp F Di, In. Dist. (16's) Dist. (16's) Di, In. Dist. (16's) Dist. (16's) Di, In. Dist. (16's) Dist. (16's) 


Low Chemistry 1700 3,34 10.0 6.0 
High Chemistry 1700 6.25 30.0 == 

Low Chemistry 1525 2.18 5.0 5.0 
High Chemistry 1525 4.92 18.2 16.0 


*Estimated from extrapolation of data in Fig. 13 and 21. 


3.56 HAL 6.5 3.56 11.0 6.0 
6.70 35. 0 36. 0* 6. 70 35.0 36. 0* 
2.45 5.8 5. 5 3.07 8.5 4.8 
5. 48 23,5 26. 0* 6. 90 38.0 a 
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Table D - Calculation of Minimum and Maximum Case Hardenability 


Using multiplying factors from Jatezak and Girardi, ASM Vol. 51, 1959, .p 335ff. Data are for bars direct quenched 
from 1700 F, (Dj = 1.42 for base) and are presented for 1% carbon levels only. 


Gale. 
Steel DI Av. DI 
4028 H 
Low Pe sy 3. 28 
High 4,04 
SAE min Dy Pil 3.84 
SAE max 5. 46 
4620 H 
Low 3.75 5. 48 
High Te20 
SAE min 3.02 5.55 
SAE max 7.08 
8620 H 
on ie 5. 98 
High Gaz 
SAE min Seal 6.05 
SAE max 8.32 
4815 H 
SAE min ( 4. 36) 8.31 
SAE max (11. 25) 


Dj max J Distance to RC 60 
-D] min Calculated Measured 
6 5 
+e 13 10.5 
BS) 
NW 6.5 
War 42 > 20 
4.06 
5 14 14 
oe 36 > 20 
4.54 
6.89 


SAE 4815 H values for calc. Dj are estimates, since factors for high Ni contents are extrapolated. 


2. The “spread” or range of hardenability for a given 
composition range is somewhat difficult to present on a sin- 
gle iso-hardness curve. However, by limiting the presenta- 
tion to one, or possibly two hardness values, hardenability 
ranges could be shown. 

The writer would like to comment further on the "spread" 
in case hardenability data obtained in this investigation of 
high and low chemistry heats of four commonly used alloy 
carburizing steels, in the hope that emphasizing this factor 
will stimulate further studies of case hardenability and will 
ultimately result in the establishment of case hardenability 
specifications for carburizing steels. In his discussion, Dr. 
Rowland presented calculated hardenability data for the 
steels studied in the paper, expressed the results in terms of 
distance to RC 60, and compared the calculated and meas- 
ured hardenability data on this basis. The writer performed 
similar calculations for the 1% carbon levels of direct 
quenched steels, which are summarized in the following 
table. Calculations were also performed for the minimum 
and maximum chemical analysis shown in the SAE H-band 
chemical composition tables for the steels studied in the 
paper (Table D). 

The writer wished to point out that the hardenability 
spread (Dy max - Dj min) obtained in the case hardenability 
investigation reported by the authors is not as great as one 


might expect if actual extremes of analysis were encounter - 
ed (although SAE Division 33 certainly tried hard to obtain 
commercial heats exhibiting extremes in chemical com- 
position). The hardenability spread calculated for the ex- 
tremes of each SAE H-band chemical composition range is 
substantially greater than for the low and high heats invest- 
igated. If it is desirable to control case hardenability to a 
narrower range, it is obviously necessary to place narrower 
limits on chemical composition, or at least establish some 
minimum case hardenability requirement. 

The authors concluded that "as the case hardenability 
rating increases, the variation in case hardenability of stee!s 
from their minimum to their maximum chemistry range ap- 
pears to decrease." If this observation is restricted to the 
hardenability expressed as distance to RC 60 at 1% carbon, 
as in the above table, it is difficult to confirm. The cal- 
culated spread (Dy max - Dy min) apparently increases with 
increasing average Dy. 


Earlier Investigation of 
Case Hardenability Characteristics 
A. E. Gurley, and 


D. W. Trinklein 
Chrysler Corp. 


WE WISH to commend Division 33 for focusing attention to 
on this particular phase of gear metallurgy. Knowledge of 
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how a particular steel behaves with respect to carbon addi- 
tion and quenching behavior is considered pertinent in order 
to produce a gear with optimum metallurgical qualities. 
Without this knowledge it is impossible to consistently pro- 
duce well balanced gears from the standpoint of case and 
core relationship. Stress relationship between case and core 
is established during the quench and is governed by original 
hardenability of material used and hardness gradient of the 
case. These facts have been pointed out by the authors of 
this paper. 

The primary function of carburizing is to produce a hard- 
ened case in the broad sense. However, it is emphasized 
in this paper that this hardened case has to be controlled and 
fall within a desired pattern. The use of the isohardness line 
for evaluating, predicting and controlling the case charac- 
teristics as used in this paper is in line with the intent and 
thinking of the authors, This device has been used by us for 
the past 10 years in improving the quality of gears by im- 
posing control measures during carburizing as well as an aid 
in the selection of hardenability range for each gear appli- 
cation. 

Our original investigation of case hardenability charac - 
teristics was conducted on the identical steels which were 
reported in this paper. Some differences were noted in the 
carbon concentration at which the isohardness lines peaked. 
In our findings the carbon level which was the most effec - 
tive from the standpoint of hardenability more closely ap- 
proached the eutectoid composition. 

For AISI 4028 steel it was found that the 0.85% carbon 
level produced the maximum hardness with the slewest cool- 
ing rate. This was found to be true for both high and low 
hardenability heats, With increased hardenability the high- 
est isohardness line peaked at a greater J position; however, 
the peak occurred at the same carbon level. 

The peak effect of carbon on AISI 8620 was found at ap- 
proximately 0. 83% carbon and on AISI 4620 at about 0.87% 
carbon. Additional carbon above this amount was found to 
do nothing for the steels from the hardenability standpoint, 
but rather it rapidly increased the formation of austenite. 
The maximum carbon effect on AISI 4815 was identical with 
that found by the authors at 0.75% carbon. Hardness drop- 
ped very rapidly on this alloy with increased carbon above 
0. 80%. 

The reason for the difference noted between this paper 
and our findings are not known. After considerable prelim- 
inary tests prior to our final investigation, we concluded that 
the most accurate results were obtained by directly quench- 
ing the concentration bars and then tempering at a high tem- 
perature. This prevented any carbon migration which might 
occur on reheating above the critical temperature. Also, we 
found it extremely important that the bars were perfectly 
straight. We believe Rockwell 15N or 10 kg Vickers are the 
best for accurate hardness values. 

In this paper the case hardenability characteristics of AISI 
8620 are rated higher than those of AISI 4620 based on single 


675 


high hardenability heats of these two steels. We feel that 
these data are not complete enough at this time to draw this 
conclusion without addition supporting data. Some doubt 
arises when considering the information presented on the low 
hardenability heats of these two steels. It is noted on the 
isohardness diagrams that for the 0.50% carbon level, 50RC 
is obtained at the J3 position on AISI 4620 and the J4. 5 po- 
sition on the AISI 8620 steels. This indicates that the case 
hardenabilities for these two heats are quite similar. How- 
ever, the low hardenability heat of AISI 8620 used almost 
approaches the mid-range of the AISI 8620 hardenability 
band (J4-32 RC), while the low hardenability heat of AISI 
4620 is lower than the bottom limits of the hardenability 
band established for AISI 4620 (J4-21 RC). Hada heat of 
AISI 8620 been used which more closely approached the 
lower part of the band, it is quite conceivable that the case 
hardenability of AISI 4620 would have been the higher. 

In reference to Fig. 26 the text states that "The low hard- 
enability heat approaches the minimum of this band at 
quenching speeds equivalent to the J4 to J7 position, but de- 
viates toward the high end at both slower and faster quench- 
ing speeds," We feel this should be modified to read "J4 to 
J6 positions” as the hardenability curve definitely begins to 
deviate from the low range after J6. 


Carbon Distribution 


A. J. Miller, and 
D. L. Pasquine 
International Nickel Co., Inc. 


THE MEMBERS of Division 32-Gear Metallurgy of the ISTC 
of SAE and the authors are to be congratulated for this con- 
tribution to a better understanding of the factors which in- 
fluence the hardenability of carburized steels. The choice 
of steels was particularly good because it covers a wide 
range of hardenability. The isohardness diagrams, illustrat- 
ing the change in hardenability with carbon content, con- 
tribute greatly to the usefulness of the paper. 

It was gratifying to see that the reported core and case 
hardenabilities are in the same order as the published core 
hardenability limits of the H-steels (American Iron and Steel 
Institute, July, 1958) and in agreement with some results ob- 
obtained at our laboratory a few years ago. The fact that 
all these sources place the near-equal hardenabilities of the 
SAE 8620H and 4620H steels in the same order attests to the 
good quality of the work performed by the laboratories co- 
operating with Division 33, 

The carbon distribution curves are of particular interest 
to us because they are in agreement with our study of car- 
burized 9% nickel steel. Using a high potency carburizer, 
of the same composition as that used in the present work, we 
developed a max carbon content of only 0. 88% in the 9% 
nickel steel. This value falls on a linear extension of the 
max carbon versus per cent nickel relationship for the 3 
steels, SAE 4028, 4620 and 4815, of the present paper (Fig. 
A). The fourth Division 33 steel, SAE 8620, has high max 
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- Per Cent 


Carbon at 0.01 Inch Below Surface 


Fig. A—Maximum 
carbon in 
carburized nickel 
—containing SAE 
steels Nickel - Per Cent 
carbon because of its chromium content, as stated by the 
authors. 

The carbon gradient for each steel is essentially a straight 
line except at the surface and near the core (Fig. 5). The 
slope of this gradient is about 0. 01% carbon per 0.001 in. 
Max surface carbon content is highest for the 8620 steel 
which is followed in order by the 4028, 4620 and 4815. This 
order is correctly attributed to the difference in nickel con- 
tent of the steels, as stated by the authors, that is, the high- 
er the percentage of nickel the lower the surface carbon. 
However, the conclusion by the authors that increasing nick- 
el content slows down the rate of carbon penetration is open 
to question and in disagreement with published case depth 
and carbon diffusion studies.* Their data, we believe, do 
not show differences in the diffusion rate of carbon in these 
steels but, rather, indicate the differences between max and 
core carbon contents. The max depth of carbon penetration 
for the 4815 steel was about 0.120-0.130 in. which is ap- 
proximately the same for all the steels studied. 


Authors’ Closure 
To Discussion 


WE ARE indebted to Dr. Rowland and Mr. Jatczak for their 
comparison between calculated and measured case harden- 
abilities. The agreement which they show is gratifying and 
attests the quality of the previous investigations by Jatczak, 
Devine, and Girardi on calculated hardenability factors as 
well as the quality of the studies made by cooperating lab- 
oratories in this SAE Division 33 program. It also serves to 

substantiate our conclusion that case hardenability appears 

to be directly related to core hardenability, adjusted to a 

common carbon level. We cannot explain the difference 

between calculated and measured hardenability of the SAE 

4620-H low chemistry heat of steel in the direct quench con- 
dition. Perhaps further investigation might lead to an an- 
swer to this discrepancy. 


*F, E. Harris, "'Case Depth’ - an Attempt at Practical 
Definition, " Metal Progress, Vol. 44 (1943). 

Cyril Wells and Robert F. Mehl, "Rate of Diffusion of 
Carbon in Austenite in Plain Carbon, in Nickel and in Man- 
ganese Steels," Trans, AIME, Vol. 140 (1940). 


® 2.0 4.0 6.0 8.0 10. 


J. A. HALGREN AND E. A. SOLECKI 


We do not agree with Rowland and Jatczak's remarks upon 
the effect of indentor penetration upon hardness. We believe 
that hardness values are affected by any variation in mate- 
rial hardness to a much greater depth than that of the inden- 
tor penetration. 

Mr. Doane's comments concerning possible limitations 
of the isohardness presentation are well taken. The advan- 
tages of this type of presentation appear to greatly outweigh 
these limitations. As an example, the specification of "ef- 
fective case depth to a given hardness level" can be handled 
conveniently with isohardness charts but is difficult or im- 
possible to handle with the usual hardenability data obtained 
at a few high carbon levels. 

Doane also notes that the spread in case hardenability be- 
tween extreme high and low chemistry heats, of steel will be 
larger than the spread found in the present study. Since SAE 
H-band steels are limited in composition range by core hard- 
enability requirements, we do not believe that it is proper 
to use actual extremes in permissible analysis range of each 
element in calculating spread in hardenability for any grade 
of steel. It would seem that the extreme spread would be 
reached between (1) a steel having minimum core harden- 
ability requirements but maximum carbon content and (2) 
a steel having maximum core hardenability requirements 
but minimum carbon content, 

Our conclusion regarding variation in case hardenability 
from minimum to maximum chemistry range in the 4 grades 
of steel that were studied was based upon the use of the slope 
of the isohardness curves as a measure of hardenability. The 
numerical difference between the slopes of the isohardness 
curves for low and high side heats of each steel grade ap- 
pears to decrease in the order given in the paper. 

We agree with Mr. Miller and Mr. Pasquine that therate 
of carbon penetration or diffusion is not affected by alloy 
content within the ranges studied. Our statement concerned 
the effect of these elements upon carbon penetration and not 
upon rate of carbon penetration. We should have been less 
ambiguous. Miller and Pasquine correctly ascribe the dif- 
ference in carbon content at given distances below the sur- 
face to the effect of core carbon content and surface carbon 
content in these steels. 

We have not attempted to resolve the discrepancy noted 
by Mr. wurley and Mr. Trinklein between the carbon levels 
at which they noted case hardenability to peak and those at 
which the SAE Division 33 investigation yielded peak effect. 
Only a small part of this discrepancy appears to be associ- 
ated with the difference in hardness procedures used. 

On the basis of single heat tests we agree that the rela- 
tive case hardenability rating of SAE 8620-H steel and SAE 
4620-H steel is open to question. Our conclusion appears 
to follow, however, from the fact that the core hardenabil- 
ity of SAE 8620-H steel slightly exceeds that of SAE 4620- 
H steel and from our conclusion that case hardenability ap- 
pears to be directly related to core hardenability in these 
steels, 
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